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ABSTRACT 
 
Seed emergence and plant growth are important agronomic traits affected by environmental 
fluctuations. A better understanding of the genetic basis of temperature response in important traits 
of soybean [Glycine max (L.) Merr.] may contribute to improving seed quality and plant 
development under temperature stress. Genome-wide association study (GWAS) using high-
density and high-quality single nucleotide polymorphisms (SNPs) is a powerful tool to associate 
markers and important traits. The aims of this study are: 1) to characterize the effects of low and 
high ambient temperature in soybean seed emergence and plant growth; and 2) to identify the 
genetic factors regulating soybean response to ambient temperature in seed emergence and growth-
related traits.  
A collection of 440 diverse soybean genotypes and SoySNP50K data were used for 
GWAS. Seeds were germinated and plants were grown under constant 20°C (low) and 30°C (high) 
temperature in the Plant Care Facility at University of Illinois, Urbana-Champaign. Seed 
emergence and plant growth data were analyzed using a best linear unbiased prediction (BLUP) 
model and subjected to GWAS using 36,499 SNPs. For seed emergence in association panel 1 & 
2, only 1 SNP on chromosome 9 was significantly associated with relative mean difference for 
days to initial emergence. For growth-related traits in AP1, a total of 368 SNP-trait associations 
were identified with 121 and 247 SNPs were significant at FDR=0.05 and 0.10, respectively. No 
significant marker-trait association was found for days to seed maturity, no. of mature pod at seed 
maturity, days from seed set to seed maturity, and days from first to last seed maturity, whereas 
72 SNPs were significant for days to flowering, one SNP for internode number of first flower and 
fifty SNPs for days to seed set. A number of significant associations appeared on other traits: 101 
SNPs for no. of trifoliate leaf at flowering. 31 SNPs showed for no. of internodes at flowering, 27 
SNPs for plant height at flowering, five SNPs for no. of pod, fifteen SNPs for no. of trifoliate leaf 
at seed set, 31 SNPs for no. of trifoliate leaf at seed maturity, one SNP for no. of internode at seed 
maturity, three SNPs for plant height at seed maturity, eleven SNPs for last day to seed maturity, 
two SNPs for of days from flowering to seed set, and ten SNPs for days from flowering to seed 
maturity. These identified SNPs will facilitate better understanding of the genetic basis of soybean 
seed emergence and plant growth under low and high temperature stress. 
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CHAPTER 1 
LITERATURE REVIEW 
 
1.1 Introduction to soybean  
Food and industrial importance of soybean 
Soybean is an excellent source for protein and oil, mainly utilized for human consumption and in 
livestock nutrition or animal feed (Hou et al., 2009). The soybean seed contains approximately 
40% protein and 20% oil (Nishinari et al., 2014). More recently, soybean oil is being used for 
biodiesel production due to its free fatty acid composition that promotes combustion and flow 
properties of biodiesel fuel (Balat, 2011). About one-third of the world’s edible oils and two-thirds 
of protein meal are derived from soybean seed. Hence, improving soybean seed composition and 
quality is important for the improvement of human and livestock nutrition.  
Based on FAOSTAT (2014), global soybean production totaled 249 million metric tons 
(mt) with Brazil being the current largest producer, followed by the USA, Argentina and China. 
In the period of 2000-2010, the average production in the US was 80.6 mt with an annual increase 
rate of 1.8 percent (Vlahović et al., 2013). In the US, approximately 30 million hectares of land 
are planted with soybean with the top producing states are Iowa, Illinois, Minnesota, Nebraska and 
Indiana.  
 
General biology of soybean 
The genus Glycine has two sub-genera: Soja and Glycine. The sub-genus Soja consists of two 
species namely G. max, the cultivated species, and G. soja, the wild species. Both species are 
diploids with 20 chromosomes, therefore, they are cross-compatible. G. max is an annual legume 
with at least 15,000 accessions currently maintained by the United States Department of 
Agriculture (USDA). Soybean is a sub-tropical plant with wide adaptations, ranging from the 
tropics to 52°N. Soybean accessions can be categorized based on its maturity group (MG). MG is 
a major determinant of the geographical adaptation and distribution of soybean accessions. 
Soybean (Glycine max) is a C3 and self-fertilizing plant that is unresponsive to N fertilization 
while having the ability to fix soil nitrogen (N2) for legume development. In the presence of climate 
change, particularly with an increase in ambient temperature and elevated carbon dioxide (CO2) 
concentration, soybean possesses the genetic and physiological adaptability to response negatively 
2 
 
or positively to these environmental changes. Carbon dioxide concentration and temperature 
influence photosynthesis, growth and development. Higher carbon dioxide and temperature level 
increased photosynthetic rate (Ziska et al., 1991), leaf water uptake efficiency (Allen et al., 1988), 
and total plant biomass (Kimball, 1983). The main effects of elevated CO2 concentration to 
soybean are the stimulation of photosynthesis and reduced transpiration rate. Studies reported that 
CO2 doubling caused partial stomatal closure with a 40% reduction in leaf conductance (Ainsworth 
et al., 2002 and Morison, 1987). Low leaf conductance may result in higher leaf temperature which 
increases leaf-to-air vapor-pressure, leading to a reduced transpiration rate in soybean. A low 
transpiration rate allows the soybean plant to retain water for more efficient photosynthesis. 
However, higher leaf temperature in combination with high ambient temperature will inhibit 
photosynthesis, pod-set and other reproductive developments. While increased biomass and 
carbon supply for N2 fixation can be achieved in soybean, they are the by-products of elevated 
CO2.  
 
1.2 Abiotic stress in agricultural production 
Impacts and importance of abiotic stress to agriculture 
The world population reached its 7 billionth mark in year 2011, and is expected to increase to 9.6 
billion by year 2050 (UN, 2012). The rise in population number gives emphasis to the role of 
agriculture in feeding the growing population twice the amount it currently serves. This means that 
agriculture must at least double its current productivity rate to be able to secure food for the larger 
population in the future. Alas, global agricultural land will remain at 1.6 million hectares in spite 
of the surplus in demand for agricultural products. Moreover, studies have projected a decline in 
cultivation area for some major cereal crops such as maize (6-23% less) and wheat (40-45% less) 
in South Asia over the next 40 years. Additionally, undesirable conditions accompanied by climate 
changes will further reduce agricultural productivity.  
Abiotic stress is defined as environmentally adverse conditions that not only limit plant 
growth and development but also disrupt their cellular structure and hinder their key physiological 
functions (Krasensky & Jonak, 2011; Larcher, 2003; Ait Barka & Andran, 1997). Abiotic stresses 
may result from climate change, a global phenomenon which has impacted the agricultural sector 
in both positive and negative ways. It is estimated that 51-82% of the potential yield of annual 
crops is lost due to abiotic stress (Arzani, 2008; Bray et al., 2000; Boyer, 1982).  
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Types of abiotic stress 
Abiotic stresses can be classified into three major types based on the causative agents i.e.: water, 
soil and temperature. Naturally, there is inter-relationship among all three causative agents of 
stress. For example, high salt levels in soil reduce water availability leading to water deficiency in 
plants. Similarly, high temperatures can lead to rapid water loss leading to drought conditions.  
 Water stress may be due to water level shifts, from drought (water deficit) to flooding 
(excess water). Approximately 12% of the world’s soils may suffer excess water. Recent floods in 
Europe, Australia, and the USA have resulted in significant economic loss in crop production 
(Bailey-Serres et al., 2012). Totally submerged plants cause reduction in sunlight perception and 
available O2 and CO2 levels. Soil drought and leaf water deficit affects plants at various levels of 
organization over space and time (Chaves et al., 2009), especially its ability for photosynthesis 
(Zlatev & Yordanov, 2004).  
To increase agricultural supply, crop production has expanded to marginal soil conditions 
such as high salinity. Saline soils comprise about 900 million ha of the total agriculture production 
area (Flowers, 2004). Salinity stress is presented by osmotic and ionic components. High salt 
concentration in soils reduces water potential leading to hyperosmotic and oxidative stress in 
plants. Salinity also causes ion toxicity and nutrient imbalance and deficiencies resulting in 
changes in metabolic processes and genotoxicity (de Azevedo Neto & da Silva, 2014).  
Temperature stress is one of the main outcomes of climate change besides water stress and 
greenhouse gases emission. Global mean temperature has increased roughly 0.3°C per decade 
since 1950 (IPCC, 2007). Several authors have projected the increase in current global mean 
temperature of 0.2°C per decade over the next 20-30 years, by 0.8 to 1.0°C over the next 50 years 
and ranging between 2 and 4°C (Tadross et al., 2007) or 1.1-5.4°C (IPCC, 2007) over the next 100 
years. While a 1°C rise in temperature is expected to reduce crop yields up to 10% in most 
cultivated areas, high latitude regions or countries may benefit from global warming. In the 
following topic 1.3, is a detailed description on the complexity of plant response to temperature 
stress.  
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Plant mechanisms involved in response to abiotic stress 
The sessile nature of plants is the main reason why plants have evolved various morphological, 
physiological, biochemical and molecular mechanisms to survive unfavorable or adverse growing 
conditions. When under stress, plants may respond by either avoiding or tolerating the stress. Stress 
avoidance is a protective mechanism that delays or prevents the negative impact of a certain stress 
on plants. For instance, plants avoid the physiological effects of low temperatures by inhibiting 
the formation of ice nucleators in the cells. Under high temperature, many crop plants reach early 
maturation as an avoidance mechanism. Morphologically, soybean, rice and maize showed 
reduction in root development under stress conditions (Nouri et al., 2012; Hammer et al., 2009; 
Zhang et al., 2008). Stress tolerance, however, is the ability of plants to endure and acclimatize 
stress for its survival (Janska et al., 2009). Plants may develop resistance in respond to a gradual 
exposure to stress such as low temperature, salinity or drought (Krasensky & Jonak, 2011) and 
may even pass the developed resistance trait to its progenies (Boyko et al., 2010).  
Plants go through four main stages of response to abiotic stress which are stress sensing, 
signaling, induction and priming. Plants sense stress by a common sensor being the rapid 
generation of calcium (Ca2+) and subsequently reactive oxygen species (ROS) serve as signaling 
molecules across membranes and considered as secondary messenger in plant response to 
developmental cues, biotic and abiotic stresses (Neill et al., 2002). The Ca2+ sensing is influenced 
by the type of cells (Kiegle et al., 2000) and the rate at which the stress is developing (Plieth et al., 
1999). Meanwhile, the generation of ROS causes oxidative stress in cells therefore plants avoid 
this stress by activating non-enzymatic or enzymatic oxygen scavengers or directly repressing the 
ROS (Vinocur & Altman, 2005).  
Upon receiving stress signals, genes involved in signaling pathways are activated. Such 
plant signaling pathways include the abscisic acid (ABA)-signaling, gibberellic acid (GA)-
regulated, salt overly sensitive (SOS)-signaling, salicylic acid (SA)-activated, mitogen-activated 
protein kinases (MAPK)-signaling, and/or jasmonic acid (JA)-activated pathways. The activation 
of any signaling pathways induces tolerance to the perceived stress. Tolerance to abiotic stress in 
plants is a complex trait with many genes involved in regulatory networks. Many biochemical 
pathways mediated by genes which are regulated by transcription factors (TFs). TFs function as 
activators or repressors of target gene transcription and are usually multigene families.  In response 
to stress, some genes which have the same TFs may activate similar cellular response (Bohnert et 
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al., 2001) while other genes may respond differently. TFs such as ABA-responsive element 
binding factor/ABA-responsive element (ABF/ABRE), C-repeat-binding factor/ dehydration-
responsive element binding protein (CBF/DREB), ERF, NAC, and WRKY are involved in abiotic 
stress response in plants.   
Subsequently, abiotic stress tolerance or resistance is induced in plants by acclimation. 
Plant acclimation is also a priming response to stress. Plants are able to acclimatize when stress is 
exposed on a gradual basis. Acclimatized plants develop higher stress tolerance compared to non-
acclimatized ones.  Cold acclimation is classic example of how plants tolerate low temperatures. 
Regulatory pathways such as ABA-signaling are involved in cold acclimation in plants (Fowler & 
Thomashow, 2002). Priming treatment prepares the plants to respond once it is exposed to higher 
doses of the same stress (Knight et al., 1998; Lang & Palva, 1992). The primed state of a plant 
may be a heritable trait as evident by Arabidopis progenies having primed expressions of 
transcripts of NCED, an enzyme in the ABA-pathway (Slaughter et al., 2012). However, this was 
an example of a primed state to biotic stress (plant-pathogen interaction) and similar direct findings 
have not been reported for abiotic stress.  Nonetheless, NCED has been reported to be upregulated 
under drought and salt stress (Zhang et al., 2006). This report suggests that the primed state to 
abiotic stress may be inherited by plant progenies.  
Plant response to abiotic stress is not limited to the gene expression at the mRNA and 
protein level. In addition to its participation in plant growth and development, studies have 
suggested the role of small RNAs (sRNAs) in the regulation of plant response to abiotic stress 
(Sunkar & Zhu, 2004). Small RNAs are 20-40 nucleotide (nt)-long non-coding double-stranded 
RNA molecules. Generally, sRNAs act as repressors of gene expression therefore useful in 
inhibiting expression of genes encoding for negative regulators involved in abiotic stress pathways. 
Gene expression by sRNAs is regulated in a sequence-specific manner either by target cleavage or 
by translation repression. sRNAs are divided into two groups based on their biogenesis and 
precursor structure: microRNA (miRNA) and small/short interfering RNA (siRNA). In wheat and 
Brassica napus, a total of 52 and 4 heat responsive miRNAs, respectively has been identified 
through sequencing and real-time PCR (Yu et al., 2011; Xin et al., 2010). So far, no miRNAs for 
abiotic stresses have been reported in soybean but three miRNAs that affects the Asian soybean 
rust have been identified (Xin et al., 2010).  
 
6 
 
Conventional and molecular approaches in studying abiotic stress response in crop plants 
Plants may develop unique responses to different abiotic stresses. Transcriptome studies have 
shown that there is little overlap in transcript expression among abiotic stress conditions such as 
heat, drought, cold, salt, or mechanical stress. In reality, plants experience multiple or 
combinations of abiotic stresses throughout its life cycle. It is expected that plants will develop 
unique responses to a combination of two or more abiotic stresses, similar to when plants are 
subjected to individual stresses (Mittler, 2006).  
It has been estimated that more than 100,000 metabolites exist in the plant kingdom (Gupta 
& Singh, 2014). The roles of some of these metabolites in abiotic stress management have been 
demonstrated in plants. Metabolite profiling is a common approach in metabolomics to study the 
mechanism of stress tolerant in plants. The accumulation of metabolites such as amino acids, 
amines, and sugars vary depending on the type of stress conditions. In Arabidopsis, accumulation 
of sucrose, maltose and gulose was evident when plants were subjected to drought, heat or a 
combination of drought and heat stress. Interestingly, the amino acid proline was increased under 
drought conditions but did not accumulate during a combination of drought and heat stress 
(Rizhsky et al., 2004). Findings from metabolite profiling highlight the notion that plants develop 
unique responses to individual stress or stress combinations. 
 To understand the complex dynamics of abiotic stress tolerance, concerted efforts through 
the application of physiological and molecular techniques is essential.  Forward and reverse 
genetics approach combined with metabolite profiling or other molecular strategies have been 
demonstrated to aid in gene annotation and identification of candidate genes for biotechnology and 
breeding purposes. Entire genome sequencing, bioinformatics, and functional genomics are 
powerful molecular tools currently employed to study the underlying mechanisms of tolerance to 
abiotic stresses.  
 
1.3 Complex network of temperature response 
Plant mechanisms in response to low temperature 
All plants have an optimal temperature range for growth and development as well as minimum 
and maximum temperature for survival generally called cardinal temperature ranges. According 
to Levitt (1980), plants are characterized to three main categories based on their response to low 
temperature namely chilling sensitive, chilling tolerant but freezing sensitive and freezing tolerant. 
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Chilling sensitive plants such as rice, maize and soybean can be damaged when temperature is 
below 10°C while chilling tolerant plants such as potato grow well above 0°C. Freezing tolerant 
plants are able to withstand subzero temperatures. Wheat is an example of a hardy plant that, after 
cold acclimation, can tolerate temperatures as low as -20°C (Thomashow, 1998).  
The intensity by which low temperature negatively affects plant growth and development 
is influenced by duration of exposure (short- or long-term) and the speed of temperature decrease 
(gradual or sudden). Sudden decrease in temperature is found to be more harmful to plants 
compared to gradual decrease. The effects of low temperature include protein denaturation and 
generation of reactive oxygen species (ROS) which can damage structure and function of 
macromolecular complexes in the cells. Freezing conditions cause cellular dehydration, damaging 
the structure and function of membranes (Uemura et al., 2006). Very low temperatures also 
increase build-up of extracellular ice crystals that cause mechanical stress to the plant cells and 
tissue. Similar in response to other abiotic stress factors, plants modify physiological and 
biochemical processes to avoid or tolerate cold stress. In Arabidopsis, using transcriptomic 
approach, it has been estimated that 4-25% of the genes show altered gene expression when 
exposed to low temperature (Robinson & Parkin, 2008; Hannah et al., 2005; Lee et al., 2005; Kreps 
et al., 2002).  
Maintaining membrane fluidity and stability under low temperature is essential. Membrane 
fluidity is influenced by the composition of unsaturated fatty acids (UFA) and phospholipids (PL). 
In particular, phospholipids hydrolysis by phospholipases D and C (PLD and PLC), major enzymes 
found in plants, is a determinant as to how plants are able to increase tolerance to low temperature 
(Survila et al., 2010). A product of phospholipid hydrolysis by PLD is phosphatidic acid (PA). In 
transgenic Arabidopsis, PLD1 deficient plants were found to have decreased PA and increased 
osmolytes accumulation thus showing enhanced tolerance to low temperatures (Rajashekar et al., 
2006 and Welti et al., 2002).    
In addition to UFA and PL, the accumulation of sugars in its various forms (mono-. di- and 
polysaccharides) stabilizes the lipid bilayer membrane (Hincha et al., 2006) and provides osmotic 
adjustment in the membrane, overall inducing tolerance to temperature stresses. Sugars may 
substitute water in reducing melting temperature (Tm) and increasing devitrification/glass 
transition temperature (Tg) to address the effects of cell dehydration due to low or high 
temperatures. Sugar accumulation is the outcome of carbohydrate metabolism by increased 
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activity of enzymes such as amylase, sucrose synthase, and biphosphatase. Maltose, a dissacharide, 
is shown to accumulate during cold acclimation. In transgenic Arabidopsis where the gene BMY8 
encoding -amylase is suppressed through RNA interference, maltose accumulation decreases and 
plants become more sensitive to low temperature (Kaplan et al., 2004 and Kaplan & Guy, 2004).  
Besides sugars, other osmolytes sources can be in the form of free amino acids, polyamines 
or glycinebetaine. There is evidence showing proline, an amino acid, having a role in tolerance to 
low temperature in transgenic tobacco and Arabidopsis. Cold-responsive genes which encode 
polyamines such as spermine, spermidine, and putrescine have been shown to be up-regulated in 
potato and Arabidopsis (Hummel et al., 2004 and Rorat et al., 1997). The production of these 
polyamines has been found to induce cold tolerance in the plants. A well-studied group of proteins 
that plays a role in membrane protection during cold stress is the late embryogenesis abundant 
(LEA) proteins. LEA can be divided into sub-groups based on its specific amino acid sequence 
motifs and Pfam nomenclature. Dehydrin, an LEA protein, has been found in several plant species 
such as Arabidopsis, citrus and wheat. When expressed, dehydrins have been reported to induce 
cold tolerance in Arabidopsis (Puhakainen et al., 2004), tobacco (Hara et al., 2003), and strawberry 
(Houde et al., 2004).  
The role of micro RNAs (miRNAs) in response to low temperature has been reported in 
plants. Twelve miRNAs were found to be significantly upregulated and mildly regulated in 
Arabidopsis (Sunkar & Zhu, 2004) while most of the 18 cold-responsive miRNAs found in rice 
appeared to be down-regulated (Lv et al., 2010). These studies suggest that miRNAs are involved 
in a complex protective mechanism and has an increasing role in response to cold temperature. In 
a miRNA multigene family of Arabidopsis known as MIR169, many genes may contain low 
temperature responsive elements (LTRE) and ABA-responsive elements (ABRE) which suggests 
that gene regulation in response to low temperature is connected with ABA-dependent and ABA-
independent pathways (Zhou et al., 2008).  
 Exposure to low temperature causes plants to develop a protective and tolerant mechanism 
by modifying its metabolism. Such modifications include changes to structure and catalytic 
function of enzymes and membrane metabolite transporters (Kubien et al., 2003) and production 
of metabolites that act as antioxidants, osmolytes, chelating agents or compatible solutes 
(Thomashow, 1999). Therefore, the application of metabolomics in studying plants responses to 
abiotic stress is important. The identification of metabolites produced under cold stress has been 
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successfully done in Arabidopsis. A total of 325 metabolites were upregulated in Arabidopsis 
plants given the cold treatment of which 79% of the metabolites were increased when CBF3, a 
transcription factor in the cold stress response regulatory pathway, was overexpressed in non-
acclimatized plants (Cook et al., 2004). 
Reactive oxygen species (ROS) are stress-response signaling molecules generated from the 
metabolism of altered chloroplast and mitochondria in plants. ROS can exist as superoxide radicals 
(O2
-), hydrogen peroxide (H2O2) or hydroxyl radicals (OH). Production of ROS in cells is surplus 
under cold stress, and especially with high light conditions. In response to ROS, plants produce 
enzymes to diminish ROS effects and increase tolerance to the stress. Arabidopsis contains genes 
which encode for ROS scavenger enzymes such as superoxide dismutase (SOD), catalase (CAT), 
ascorbate peroxidase (APX), glutathionine reductase, and glutathionine peroxidase (Mittler et al., 
2004).  
To begin the cold acclimation process, plants have cold receptors or sensors to perceive 
low temperature and they are mainly membrane receptors and Ca2+ ion channels in the plasma 
membrane as well as receptor kinases. Plants physiologically respond to cold by making the 
plasma membrane rigid as evident in Arabidopsis, alfalfa, and Brassica. A FAD2 gene found in 
Arabidopsis which encodes for oleate desaturase is activated and involved in membrane 
rigidification due to perceived cold signals (Vaultier et al., 2006). Biochemical responses to cold 
include the activation of Ca2+ ion channels and Ca2+ influx to cytoplasm. The role of Ca2+ as a 
second messenger in cold signaling has been suggested (Sangwan et al., 2001 and Trewavas & 
Malho, 1997). In the event of cold acclimation, Ca2+ is released from vacuoles and followed by 
Ca2+ influx into cytoplasm (a non-nucleus intracellular compartment). Inositol trisphosphate (IP3) 
and cyclic adenosine 5’-diphosphate ribose (cADPR) are signaling molecules that mediate Ca2+ 
release from vacuoles in plant cells (Allen et al., 1995). The role of these molecules in cold signal 
transduction has been demonstrated in Arabidopsis. Mutant plants of fiery1 (fry1) and sac9, 
defective in inositol polyphosphate 1-phosphates and phosphoinositide phosphatase, respectively, 
have shown that plants developed hypersensitivity to cold stress (Williams et al., 2005 and Xiong 
et al., 2001).  
In the subsequent Ca2+ influx into cytoplasm, calmodulin (CaM), Ca2+-dependent protein 
kinases (CDPK), and calcineurin B-like (CBL) proteins act as Ca2+ sensors to mediate the influx 
process. The role of CaM as Ca2+ sensors in response to low temperature has been shown in alfalfa 
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and Arabidopsis. CaM is involved in the regulation of a TF family called calmodulin-binding 
transcription activators (CAMTAs) and in Ca2+ /CaM dependent NAD kinase activity (Bouche et 
al., 2002; Ruiz et al., 2002). In their study, Ruiz et al (2002) indicated the role of CaM in regulation 
of proline accumulation. The accumulation of amino acid proline has previously been shown to 
increase tolerance to low temperature in tobacco and Arabidopsis. In contrast to IP3 and cADPR, 
CBL-proteins do not regulate phosphatase activity in plant cells. CBL, however, regulates CBL-
interacting protein kinases (CIPK) (Luan et al., 2002). In Arabidopsis, 10 and 25 genes have been 
identified for CBL and CIPK, respectively, with CBL1 gene suggested as a negative regulator of 
cold response (Cheong et al., 2003) since no effect on cold tolerance was observed in mutant cbl1 
plants (Albrecht et al., 2003). A CIPK gene, CIPK3, has been shown to regulate cold and ABA 
responsive gene expression in Arabidopsis (Kim et al., 2003) indicating a cross-talk between cold 
and ABA response pathways (D’Angelo et al., 2006).  
Another signal transduction pathway involved in cold response is the mitogen-activated 
protein kinases (MAPK)-signaling. MAP kinase cascade components such as MAPKKK, MAPKK 
and MAPK are part of the low temperature signaling network in Arabidopsis and alfalfa (Teige et 
al., 2004 and Sangwan et al., 2002).  
As described above, cold acclimation in plants is mediated by several signal transduction 
pathways leading to alterations at the physiological and molecular levels. Transcriptional 
reprogramming or changes to gene expression may be specific to low temperature or shared with 
other stresses. Massive changes in gene expression are demonstrated in Arabidopsis where it has 
been estimated that between 2 and 25% of total transcriptome is affected by low temperature 
(Robinson & Parking, 2008; Hannah et al., 2005; Lee et al., 2005; Kreps et al., 2002). The 
transcriptional regulation of cold acclimation involves specific promoter sequences in cold 
responsive genes and transcription factors that bind to the sequences. Regulators of transcription 
can be divided into two groups based on the binding sites of TFs: CBF regulons and CBF-
independent regulons.  
CBF regulons are associated with cold responsive genes that contain specific cis elements 
in their promoter regions called C-repeat/dehydration-responsive element/low temperature 
responsive element (CRT/DRE/LTRE). This cis element is the binding site for a TF family that 
acts as cold-specific transcriptional activators known as C-repeat binding factor (CBF) or 
dehydration-responsive elements-binding protein (DREB), belonging to the larger plant-specific 
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TF family APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF). AP2/ERF regulates gene 
expression under ABA-independent pathway (Liu et al., 1998). The role of CBF regulons in 
response to cold acclimation has been shown in expression, transcriptome, and metabolome studies 
in Arabidopsis. Three CBF genes namely CBF1, CBF2, and CBF3 have been reported to regulate 
cold responses (Liu et al., 1998). CBF orthologs have been identified in other crop species such as 
rice, Brassica, wheat, rye, and barley (Benedict et al., 2006; Choi et al., 2002; Jaglo et al., 2001). 
CBF expression during cold exposure is dependent on the stage of cold acclimation and 
temperature level and is transient in nature, acquiring repression and reactivation mechanism to do 
so. CBF gene expression is induced by a TF localized in the nucleus in Arabidopsis and named 
INDUCER OF CBF EXPRESSION1 (ICE1) where ICE1 activation contributes to cold tolerance 
(Chinnusamy et al., 2003). ICE1 activation requires cold exposure indicating that cold-stress-
induced post-translational modification is necessary for reactivation. On the other hand, CBF gene 
expression can be repressed either by CBF genes or CBF target genes (Novillo et al., 2007 and 
Novillo et al., 2004). CBF genes have been reported to be negatively regulated by FIERY1 (FRY1) 
and FRY2 (Xiong et al., 2001), as well as TFs MYB15, ZAT10, and ZAT12 (Agarwal et al., 2006 
and Lee et al., 2002) leading to reduced or impaired cold tolerance.  
Activation of multiple regulatory pathways during cold acclimation has been suggested. 
Studies of whole transcriptomes in Arabidopsis revealed that between 12 and 28% cold responsive 
genes are in the CBF regulon (Vogel et al., 2005 and Fowler & Thomashow, 2002). Notably, the 
differences among the estimates would be most likely due to the transcriptomics platform and 
analysis methods applied. The findings indicated that multiple pathways indeed are involved in 
cold response. CBF-independent regulons are an additional group of genes that are not part of the 
CBF regulons involved in cold acclimation. Genes or TFs indicated to be a component of CBF-
independent pathway include ZAT12 (Vogel et al., 2005), ESKIMO1 (ESK1) (Xin et al., 2007), 
NAC (Tran et al., 2004) and WRKY (Singh et al., 2002). The molecular mechanism related to the 
activation and direct involvement in cold acclimation of many of the suggested TFs remains to be 
elucidated and confirmed.  
However, recent work on WRKY has shed light on its involvement in the development of 
cold tolerance in plants. Defense-related genes are activated when the WRKY genes bind to W-
box cis-element and expressed in the signal transduction pathways. Some WRKY genes may 
cross-talk between plant developmental mechanisms, hormones and abiotic stress response, and 
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between biotic and abiotic signaling pathways, or cross-regulate with other WRKY proteins in a 
signaling pathway through a feedback mechanism. These WRKY cross-talk and cross-regulation 
are evident in rice (Ramamoorthy et al., 2008), cotton (Guo et al., 2011), tobacco (Rushton et al., 
2010), and Arabidopsis (Seki et al., 2002). WRKY TFs are reported to be involved in both ABA-
dependent and ABA-independent signaling pathways. Under drought, heat and salt stress, the 
synthesis and accumulation of abscisic acid or ABA was found to be increased. In soybean, the 
WRKY gene family consists of about 197 genes with 64 TFs (Schmutz et al., 2010; Zhou et al., 
2008). Three genes (GmWRKY13, GmWRKY54 and GmWRKY21) were expressed under salt, 
drought, and cold stress. When overexpressed, GmWRKY13 and GmWRKY54 showed increased 
tolerance to drought and salt treatments while GmWRKY21 resulted in enhanced cold tolerance 
(Zhou et al., 2008). Other WRKY proteins in soybean such as GmWRKY6, GmWRKY17, 
GmWRKY41, GmWRKY27 were induced under cold and salt stress. Transgenic Arabidopsis plants 
with GmWRKY21, GmWRKY54 and GmWRKY13 expression showed tolerance to low temperature, 
tolerance to salt and drought, and sensitivity to salt and mannitol stress, respectively (Yang et al., 
2009).   
An abscisic acid (ABA)-dependent signal pathway in cold acclimation has been suggested 
based on mutation and physiological studies showing that ABA-deficient mutants have impaired 
cold tolerance (Mantayla et al., 1995) and that exogenous application of ABA increased cold 
tolerance in plants (Li et al., 2003). ABA-responsive genes are regulated by basic leucine zipper 
(bZIP)-TFs called ABFs/AREBs. Out of the four ABF genes found in Arabidopsis, ABF1 gene is 
specifically induced with low temperature and ABA (Choi et al., 2000). Overexpression of 
soybean Zn-finger protein SCOF-1 in transgenic Arabidopsis has shown that plants developed 
constitutive cold tolerance (Kim et al., 2001). Based on the study, gene expression was activated 
by the interaction between SCOF-1 and bZIP-TF SBGF1. Three soybean genes (GmbZIP44, 
GmbZIP62, and GmbZIP78) which encode bZIP-TFs are negative regulators of ABA in soybean. 
When overexpressed in Arabidopsis, plants developed decreased sensitivity to ABA but increased 
cold and osmotic stress tolerance (Liao et al., 2008). In addition to CIPK3 gene in Arabidopsis 
(Kim et al., 2003), a regulator of cold and ABA responsive gene expression, these findings 
indicated a complex mechanism between ABA and stress responses and possible cross-talk 
between cold and ABA response pathways (D’Angelo et al., 2006).  
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Plant mechanisms in response to high temperature 
The effects of high temperatures to plants when accompanied with water stress include severe 
dehydration and dryness, degradation of chlorophyll, lack of protein synthesis, and accumulation 
of toxic substances. Furthermore, the effects of very high temperature include increase in 
membrane permeability, denaturation of proteins, harden of cytoplasm and cell destruction.  
Plants have developed adaptation to heat stress through morphological, physiological and 
biochemical mechanisms of adaptation such as inhibition of plant growth and development, an 
initial increase and then reduction of photosynthesis and respiration rates in a two-phase reaction 
of physiological processes, production of osmoprotectants (e.g.: sucrose, trehalose, raffinose, 
mannitol, and proline) and change of plant hormones (Feder & Hoffmann, 1999). Trehalose is a 
rare sugar, synthesized under water-stress conditions while mannitol accumulates under salt and 
water stress. Transgenic wheat and rice with overexpression of these osmoprotectants induced 
higher stress tolerance (Abebe et al., 2003; Jang et al., 2003; Garg et al., 2002).  
In addition to developing physiological and biochemical mechanisms for tolerance to 
abiotic stress, plants also have molecular mechanisms of adaptation primarily related to enzymes 
and membrane. In relation to enzyme, plants adapt through change in the catalytic properties of 
enzymes, modification of the primary structure of enzymes, change of content of enzymes in cells, 
and enzymatic control of change in the degree of unsaturation of fatty acids and the length of acyl 
chains in lipids. In relation to cell membrane, plants adapt through modification of viscosity or 
saturation of the bilayer membrane.   
Similar to under low temperature, maintaining membrane stability under high temperature 
is also essential. Under heat stress, osmolyte production role is to increase stability of protein and 
structure of the membrane bilayer (Sung et al., 2003). The accumulation of osmolytes such as 
sugar alcohols (polyols) or tertiary and quaternary ammonium compounds has been reported in 
many plant species (Sairam & Tyagi, 2004). In Arabidopsis, the role of histidine kinases 
AHK1/AtHK1 and AHK3 as osmosensors has been reported in membrane changes in osmolarity 
which may be due to salinity and dehydration from cold and heat stress.  Mutant plants of ahk1 
and ahk3 have shown drought-sensitivity and ABA-hypersensitivity, respectively (Tran et al., 
2007). It has been suggested that these genes are regulators in the ABA-signaling pathway.  
 Ethylene production during heat and drought stress suggests its role in plants response to 
the stresses. In Arabidopsis, mutated ethylene-signaling genes such as ethylene response 1 (etr1) 
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and ethylene response 2 (ein2) conferred sensitivity to heat stress (Larkindale et al., 2005). 
Inhibition of ethylene precursor, 1-amino-cyclopropane-1-carboxylic acid (ACC) led to reduced 
ethylene production under heat stress. In soybean leaves, ethylene production was inhibited at 
higher temperature of 45°C when compared to wheat. Salicylic acid (SA) and jasmonic acid (JA) 
both mediate responses to heat and drought stress in plants. Other plant hormones suggested to 
regulate heat stress may include gibberellins (GA) and cytokinins (CK) whereby GB synthesis 
impaired heat tolerance (Vettakkorumakankav et al., 1999) while CK accumulation enhanced 
tolerance to heat (Banowetz et al., 1999).  
Reactive oxygen species (ROS) are the products of photosynthesis and respiration during 
stress. ROS are signaling molecules generated due to cellular injury induced by high temperatures. 
The roles of calmodulin (CaM), mitogen-activated protein kinases (MAPK), and nucleoside 
diphosphate kinase (NDPK) as ROS sensors in response to high temperature have been shown in 
Arabidopsis, tobacco, and potato (Tang et al., 2008; Desikan et al., 2001; Kovtun et al., 2000). 
Major ROS-scavenging mechanisms include superoxide dismutase (SOD), catalase (CAT), and 
ascorbate peroxidase (APX). Antioxidants are the main ROS scavengers and intermediates in 
cellular signal transduction.  
During elevated temperature where heat shock or heat stress may occur, plants display the 
heat shock response, a conserved reaction of cells and organisms. Heat shock response is 
characterized by the synthesis and activation of heat shock proteins (HSPs) which play a role in 
cellular homeostasis by the stabilization and correct protein folding in cells (Wang et al., 2004). 
HSPs are divided into six groups based on relative molecular weight and primary structure 
homology: HSP100, HSP90, HSP70, HSP60, HSP40, and small HSP (sHSP). HSP gene 
expression is regulated by heat shock transcription factors (HSFs) through DNA binding to heat 
shock element (HSE). As with heat shock response, the basic structure and promoter recognition 
(DNA binding domain) of HSFs is well conserved. Factors that influence the induction of HSPs 
include environmental conditions, genotype, and state of acclimation (Reyes et al., 2003). It has 
been suggested that there are three different signaling mechanisms for HSP synthesis and 
accumulation: 1) direct activation of HSFs by heat; 2) by protein denaturation acting as signals; 
and 3) by the rapid and reversible changes in membrane fluidity (Suri & Dhindsa, 2008).  
The most conserved group of heat shock proteins in living organism is HSP70. In plant 
cells, HSP70s are present in cytosol, endoplasmic reticulum (ER), chloroplasts, and mitochondria. 
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HSP70s function as molecular chaperones, in particular, they function as precursors to protein 
transport through chloroplast and mitochondria membrane (Zhang & Glaser, 2002 and Ivey et al., 
2000). HSP70s are connected with signal transduction pathways such as MAPK- and ABA-
signaling in response to external stimuli (Clement et al., 2011 and Suri & Dhindsa, 2008). In 
Arabidopsis, there are 18 genes that encode HSP70 for specific cellular organelles (Lin et al. 2001). 
In addition, 21 genes for HSFs have been reported in Arabidopsis (Nover et al., 2001). Soybean 
contains 52 HSF genes, the highest number to be observed in any plant species (Scharf et al., 
2012). Overexpression of a class of HSF in soybean namely GmHSFA1, activated and enhanced 
the expression of GmHSP70 under normal and high temperature, respectively (Zhu et al., 2006). 
Another heat shock protein, HSP101, plays a major and specific role in development of 
thermotolerance in plants as evident in transgenic Arabidopsis and maize studies (Nieto-Sotelo et 
al., 2002; Queitsch et al., 2000).  High expression of HSP68 localized in mitochondria was found 
in potato, maize, tomato, barley, and soybean under heat stress (Neumann et al., 1993). There has 
been evidence of cross-talk among different HSP families regulating response to various stress 
conditions in plants such as Arabidopsis and peas (Wang et al., 2004).  
 Besides HSPs, the heat shock response is also characterized by the synthesis and activation 
of dehydrins and ubiquitins as well as late embryogenesis abundant (LEA) which play a role in 
membrane stabilization (Wang et al., 2004). Under heat and drought stress the expression of 
dehydrin, an LEA protein, was profound in sugarcane leaves (Wahid & Close, 2007). 
Accumulation of ubiquitin due to heat exposure induced heat tolerance in two leguminous plants: 
soybean and Chilean mesquite (Ortiz & Cardemil, 2001).  
Tolerance to high temperature or thermotolerance is a complex trait involving multiple and 
integrated signaling components and pathways. The plasma membranes are the first receptors of 
heat stress. The disruption of membrane fluidity and change in osmotic levels triggers Ca2+ influx 
and cytoskeletal reorganization. Although no heat sensors have been identified so far, osmosensors 
such as the AHK1/AtHK1 gene in Arabidopsis may be involved in salinity, cold and heat stress. 
Moreover, a heat-shock activated MAPK (HAMK) triggered by changes in membrane fluidity and 
cytoskeletal reorganization has been reported (Sangwan & Dhindsa, 2002). The role of calmodulin 
(CaM), mitogen-activated protein kinase (MAPK) and Ca2+-dependent protein kinases (CDPK) as 
Ca2+ sensors to mediate Ca2+ influx has been shown (Sung et al., 2003). Ca2+ influx and CDPK are 
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closely related with HSP activation. Other stress signaling molecules involved in heat signaling 
transduction may be SA, ABA, and H2O2 (Larkindale & Huang, 2004).  
Following Ca2+ influx, a cascade of signaling and transcriptional activities leads to 
activation of stress response and ultimately thermotolerance. Proteomic studies in rice and 
Arabidopsis have shown that gene expression does not necessarily correlate with protein 
expression, dependent on the presence of other stress factors (Lee et al., 2007 and Lee et al., 2004). 
Heat-stress-induced post-translational modification is necessary. In Arabidopsis, the role of small 
ubiquitin-like modifier (SUMO) in regulating heat, drought, and salt stress has been demonstrated 
(Conti et al., 2008 and Kurepa et al., 2003). A SUMO ligase, SIZ1, has not only been reported to 
be involved in drought and heat stress (Catala et al., 2007) but in cold tolerance as well (Miura et 
al., 2007).  
 
Plant mechanisms in response to ambient temperature 
While plants adapt to cold and heat stress by acclimation, plants adaptation to temperatures below 
the heat stress range has been termed as thermomorphogenesis. According to Quint et al. (2016), 
thermomorphogenesis can be defined as the morphological changes that plants undergo in 
response to high ambient temperatures for the purpose of acclimation. High ambient temperatures 
also induce similar physiological changes in plants in terms of photosynthetic and respiration 
capacities caused by cold or heat stress conditions.  
 The  morphological changes induced by high ambient temperature are well studied in the 
model plant Arabidopsis. Hypocotyl and petiole elongation are characteristics of 
thermomorphogenesis in Arabidopsis plants to avoid heat and promote cooling under a 
temperature range of 20 – 30°C (Raschke et al., 2015; Delker et al., 2014; Bai et al., 2013; Delker 
et al., 2010; Stavang et al., 2009). Other phenotypes associated with thermomorphogenesis in 
similar temperature range include hyponastic growth (Vile et al., 2012; Vasseur et al., 2011; 
Millenaar et al., 2005), stomatal density (Vile et al., 2012 and Vasseur et al., 2011), leaf area and 
thickness, specific leaf area, ratio of blade length to total leaf length (Raschke et al., 2015), and 
root elongation (Hanzawa et al., 2013).  
 As with cold acclimation and thermotolerance, studies have indicated that 
thermomorphogenesis in plants may be involved in multiple and integrated signaling pathways.  
In Arabidopsis, transcription analysis on plants shifted to high ambient temperature showed a 
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significant increase in expression levels of the basic helix-loop-helix (bHLH) transcription factor 
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) (Sun et al., 2012; Koini et al., 2009; 
Stavang et al., 2009). These studies suggest the role of PIF4 in acquired thermomorphogenesis 
through auxin and other phytohormone pathways in response to high ambient temperatures.  
 PIF4 gene expression is regulated by the circadian clock through the repression of the 
‘evening complex’ (EC) proteins such as EARLY FLOWERING 3 (ELF3), ELF4, and LUX 
ARRHYTHMO (LUX) (Nusinow et al., 2011 and Nozue et al., 2007). Expression levels of PIF4 
were lower during dark periods but increased when EC levels reduced during diurnal period. Under 
high temperature, PIF4 transcriptional regulation may be controlled by circadian clock 
temperature compensation genes such as LATE ELONGATED HYPOCOTYL (LHY) and 
GIGANTEA (GI) (Gould et al., 2006) as well as transcription factor LONG HYPOCOTYL 5 
(HY5) (Toledo-Ortiz et al., 2014). Post-translational regulation of PIF4 under light and 
temperature dependent manner involves its interaction with proteins and protein kinases such as 
phytochrome B (phyB), BRASSINOSTEROID-INSENSTIVE 2 (BIN2), DET1, and LONG 
HYPOCOTYL IN FAR-RED 1 (HFR1) (Bernardo-Garcia et al., 2014 and Lorrain et al., 2008).  
 Studies on temperature-induced hypocotyl elongation in Arabidopsis have shown that  
PIF4 mediates transcriptional regulation of biosynthesis and response genes involved in auxin 
signaling. Mediated by temperature, the activation of auxin biosynthesis genes such as YUCCA 8 
(YUC8), CYTOCHROME P450 FAMILY 79B (CY79B), TRYPTOPHAN AMINOTRANSEFERASE 
OF ARABIDOPSIS 1(TAA1) as well as the SMALL AUXIN UP RNA (SAUR) response genes 
resulted in elongation growth. In addition, EXPANSIN genes regulating auxin enzymes that affect 
cell elongation have been shown to be PIF4 mediated under light and temperature conditions. 
Other phytohormones such as brassinosteroids (BR) and gibberellins (GA) are also involved in 
temperature-induced hypocotyl elongation by the interaction with PIF4 (Oh et al., 2012). 
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1.4 Soybean seed emergence 
Characteristics of soybean seed emergence 
Soybean seed consists of a seed coat surrounding a large embryo. The seed coat has a hilum with 
a micropyle at one end. The micropyle is a tiny hole formed during seed development and is 
covered by a cuticle at maturity. The embryo consists of two cotyledons i.e.: hypocotyl and 
epicotyl, two primary leaves enclosing a trifoliate leaf primordium, and a hypocotyl-radicle axis.  
Soybean seed has an epigeal germination. The main characteristic of an epigeal 
germination is that when the seeds germinate, the hypocotyl is elongated to push the cotyledons 
above the soil level. Under the right temperature and moisture, the soybean seed will imbibe water 
50% of its total weight before germination. When seeds imbibe water, the generally oval-shaped 
soybean seed changes to a reniform or kidney-shape. Once imbibition occurs, the radicle emerges 
by breaking the seed coat in the micropyle region. The radicle continues to grow down into the 
soil. Meanwhile, the embryo grows upwards to the soil level. The embryo with hypocotyl and 
epicotyl function as the basis of soybean stem development. Dicotyledonous species with epigeal 
emergence such as soybean may encounter resistance or injury during soil emergence due to the 
large size of the cotyledons. Prevention of seed emergence or damage to the hypocotyls or 
cotyledons may occur in soybeans, especially under compact soil conditions (Rathore et al., 1981).  
Fehr & Caviness (1977) developed a system to explain the various stages of soybean 
vegetative development, coined as the V stages. The earliest vegetative stage is denoted as VE and 
corresponds to seed emergence. Seed emergence occurs when the cotyledons are above the soil 
surface. Once above the soil level, the cotyledons become photosynthetic. The two primary leaves 
enclosing a trifoliate leaf primordium begins to expand. The next stage is denoted as VC 
corresponding to the stage when the two primary leaves appears fully expanded. After the 
expansion of the primary leaves, the trifoliate primordium initiates the development of the first 
trifoliate leaf. V1 stage corresponds to when the first trifoliate leaf appears, followed by V2, V3, 
and so on, depending on the number of trifoliate leaves present. V stages continue until the soybean 
plant reaches the reproductive phase, denoted as the R stages.  
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Importance of seed emergence to soybean cultivation 
Seed germination and emergence is a critical stage in soybean production (Madanzi et al., 2010). 
Field emergence of soybean seedlings is dependent on environmental factors such as planting 
depth, soil moisture, and temperature (Howell, 1960). There is no direct association between 
percent emergence and subsequent yield. However, studies have shown that water and temperature 
stress negatively affects yield and yield components of soybean plant.  
Poor field emergence may affect overall plant development in terms of uniformity. In semi-
arid soybean production areas, yield may be reduced by inadequate plant population or below 
optimum stand establishment. Due to the environmental factors that affect seedling emergence, 
soybean producers mainly depend on the information of weather and soil conditions before 
deciding on a planting date or when re-planting is necessary (Helms et al., 1997). Moreover, rapid 
seedling emergence can be promoted by seeds that can germinate under a wide range of 
temperatures (Butler et al., 2014). Thus, optimum seedling emergence under stressful conditions 
is important for maximizing soybean production.  
 
Effects of temperature to seed germination and seedling emergence in soybean 
Reduced seed germination, seedling emergence and growth are the negative effects of abiotic 
stresses during early stages of soybean development (Dornbos et al., 1989 and Tekrony, 1980). 
Abiotic stresses leading to such reduction include water stress, high air temperature, and high 
levels of carbon dioxide concentration (Seddigh & Joliff, 1984 and Egli & Wardlaw, 1980). 
Both water and high air temperature stress during seed fill stage reduced standard 
germination percentage and seedling axis dry weight (Dornbos et al., 1989 and Keigley & Mullen, 
1986). Water stress and high air temperature also reduced germination percentage and vigor of 
harvested seed (Dornbos & Mullen, 1991). They also found that individual seed weight, 
germination, seedling growth were strongly correlated.  
Gibson & Mullen (1996) studied the effects of temperature not only during the seed fill 
stage but during all reproductive stages from R1 to R8. The study found that day and night 
temperatures of 35/30°C at R5-R8 and 35°C at R1-R8 reduced germination in soybean. Moreover, 
low seedling vigor was obtained under temperatures of 35/20°C, 30/30C, 35/30°C at R5-R8 and 
R1-R8. An increase of temperature from 20 to 30°C or day temperature of 30°C and 35°C also 
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caused low vigor in soybean seedlings. These findings show that temperature higher than 30°C 
during may negatively impact seed quality of harvested soybean seeds.  
Several studies reported that soil temperature does not influence the percentage of field 
emergence (Muendel, 1986 and Fehr et al., 1973). However, at soil temperature above 30°C, the 
rate of hypocotyl growth or elongation was increased and promoted better emergence (Alm et al., 
1993 and Hatfeld & Egli, 1974). Other factors relating to soil that may influence seed emergence 
are soil oxygen level, microorganisms, structure and water level (Pollock, 1972). Further studies 
are needed to assess the level of influence these factors have on seed emergence in soybean. 
 
Other factors affecting seed germination and seedling emergence in soybean  
Studies have been done to evaluate other factors such as seed water content, initial soil water 
content, length of stress, seed size, and planting date that may influence seed germination and 
emergence in soybean. It is important to note that variation in experiment protocols such as 
genotype, carbon dioxide concentration, growing media, and temperature may explain the different 
observations in assessing abiotic stresses, including on the basis of independent stress or combined 
stresses studies.  
Hobbs & Obendorf (1972) found that higher seed water content resulted in higher seed 
germination but did not increase field emergence. Similarly, Muendel (1986) found that higher 
seed water content gave low field emergence in soybean. A critical value for seed water content 
was suggested by Hadas & Russo (1974) where seeds will emerge once it has reached a certain 
level of water content in the seed itself. The critical value for seed water content in soybean was 
determined as 500 g kg-1 (Hunter & Erickson, 1952). Initial soil water content also plays a role in 
soybean seed emergence (Helms et al., 1997 and Helms et al., 1996). Studies have shown that seed 
emergence may be reduced when soil water content is adequate for seed imbibition but too low for 
germination or when soil water content was reduced to below initial soil water content after 
germination.  
 Mixed results were obtained when studying the effect of seed size to seed weight, 
emergence percentage and yield. A study by Green et al. (1963) found that small seeds have higher 
percentage of field emergence. This finding was also confirmed by Hoy & Gamble (1985). 
However, Burris et al. (1973) found that small seeds have lower percentage of emergence 
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compared to larger seeds at field planting. Therefore, the relationship between size and overall 
performance in soybean seed remains unclear.  
Studies have shown that hard seed coat is associated with small seed size in soybean (Vieira 
et al., 1992; Dornbos & Mullen, 1991; Hill et al., 1986). Helms et al. (1996) reported that the 
longer stress duration was put on the seed, the lower percentage of seed emergence to occur. 
Planting date is critical for good field establishment in many crop production areas. In soybean, 
early planting date and seed matured during hot and dry climate resulted in low germination and 
field emergence (Green et al., 1965).  
 
Genetic basis of soybean seed germination and seedling emergence in response to temperature 
In Arabidopsis, mutants of the heat shock protein HSP101 showed defects in seed germination, 
seedling survival, and hypocotyl elongation under heat stress indicating that HSP101 was essential 
for acquired and basal thermotolerance (Hong et al., 2003 and Queitsch et al., 2000).  
 
1.5 Soybean plant development  
Yield and yield components of soybean 
Seed yield is complex trait determined by genetics and environmental factors. Genetic factors are 
important in terms of genotypic variability and heritability where a trait can be bred and improved 
over time. Environmental factors such as soil, moisture, and temperature affect the variability of 
genotype response according to the growing conditions. Due to the complexity of seed yield, the 
attributes of yield known as yield components are studied separately as well as in combination 
with each other.  
 In soybean, plant components that contribute to overall seed yield include number of nodes 
per plant, number of pods per node, number of seeds per pod, percentage of abortive seed, and size 
or average weight of seed (Woodworth, 1932). Genotypic variations exist in all yield components, 
indicating traits that are useful for improvement. However, overall yield improvement is dependent 
on the correlation between yield components and yield as well as the relationship between the 
yield components themselves. Studies have shown that the relative influence of each yield 
component to the resulting yield is difficult to determine. However, findings showed that there is 
significant negative correlation between percentage of abortive seed and yield. On the other hand, 
there is significant positive correlation between average 100 seed weight and yield. It was 
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suggested that selecting for traits such as average 100 seed weight may contribute to positive seed 
yield in soybean.  
 
Effects of temperature to soybean development  
The different stages when temperature stress is present affects yield and yield components of crops. 
The cardinal temperatures for major crops at different developmental stages are used as reference 
for present and future adaptation or mitigation strategies to climate change. Older studies on 
temperature response in soybean have been reported by the authors based on different stages of 
soybean development. The effects of high temperature are more prominent on reproductive 
development in many crop species including soybean, as can be seen in many studies been done 
in relation to soybean seed quality.  
Seed setting in soybean is dependent on the response of male and female reproductive 
organs to temperature. Studies have shown that soybean flower initiation (female organ) was 
maximum at 32°C (Borthwick & Parker, 1940) while pollen germination (male organ) was 
optimum at 30.2°C and maximum at 47.2°C (Salem et al., 2007). In the latter study, they found 
small genetic variability existed in different germplasm tested for pollen viability and pollen tube 
germination. Pollen number per anther in soybean was reduced at high temperature of 38/30°C 
(Salem et al., 2007). Optimum temperature for seed setting was at 30°C, became reduced at higher 
temperature than optimum and reaching zero at 39°C (Pan, 1996).  
Single seed growth for soybean was optimum at 23.5°C (Egli & Wardlaw, 1980) but the 
growth rate was reduced when temperature was >23°C (Boote et al., 2005; Thomas, 2001; Pan, 
1996). Seed harvest index was reduced at a temperature of >23°C (Boote et al., 2005; Thomas, 
2001; Pan, 1996) and reached zero at the maximum temperature of 39°C (Pan, 1996). 
Photosynthesis in soybean, however, was not influenced by temperature ranging from 26-36°C 
(Campbell et al., 1990 and Jones et al., 1985).  
Dornbos & Mullen (1991) showed that the combination of water stress and optimum air 
temperature reduced seed number more than individual seed weight. However, when water stress 
and high air temperature occurred, individual seed weight was more reduced than seed number, 
while also reduced germination percentage and vigor of harvested seed. Individual seed weight, 
germination, seedling growth were strongly correlated in this study.  
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For soybean, grain or seed filling period is sensitive to temperature and affects seed size 
and number. Cooler temperatures (under 23°C) allowed for longer filling period and larger seed 
size (Egli & Wardlaw, 1980). Largest seed size was reportedly obtained at 23°C (Thomas, 2001; 
Pan, 1996; Baker et al., 1989) and 23.5°C (Egli & Wardlaw, 1980). On the other hand, high air 
temperature may cause the production of less large seed and more small seed with hard seed coat 
(Dornbos & Mullen, 1991). Warmer temperatures (above 23°C) shortened grain filling period thus 
resulted in smaller seed size (Thomas, 1990; Gibson & Mullen, 1996; Pan, 1996; Dornbos & 
Mullen, 1991; Baker et al., 1989; Egli & Wardlaw, 1980; Huxley et al., 1976; Hesketh et al., 1973) 
and reduced seed number (Dornbos & Mullen, 1991).  
For seed yield, the optimum temperature was reported to be 22°C based on extensive field 
data (Piper et al., 1998) and 23°C based on controlled environment (Huxley et al., 1976). Egli & 
Wardlaw (1980) reported that seed yield was reduced when air temperature was higher than 30°C 
during seed fill. Seed yield was reportedly reduced under higher temperatures between 29 and 
34°C during day time with a constant 20°C night temperature during seed filling period (Dornbos 
& Mullen, 1991). Another study determined that seed yield was highest under 22-24°C while the 
maximum temperature for yield is 39°C (Pan, 1996).  
In contrast to rice, soybean is more sensitive to high day time temperature compared to 
high night temperature. Reduced yield and seed size was observed under high temperature (30/20 
– 35/20°C) during day time (Gibson & Mullen, 1996). Meanwhile, seed fill rate and effective 
filling period were not affected by lower day and night temperature of 24/19°C and 30/25°C (Egli 
& Wardlaw, 1980). 
Seed oil accumulation in soybean was negatively affected by high temperature (Rotundo 
& Westgate, 2009). Vitamin properties of soybean seed such as tocopherol levels influenced 
tolerance to abiotic stress. In soybean, elevated temperatures during seed maturation increased -
tocopherol levels by decreasing δ- and γ-tocopherol and plants showed higher heat tolerance (Britz 
& Kremer, 2002). 
There is limited genetic variability in soybean for heat tolerance as measured by seed 
harvest index and seeds per pod (Boote et al., unpublished data). However, soybean while having 
small genetic variations in response to temperature, its pollination and fertility can withstand 
elevated temperatures and acquire tolerance to climate change in the future. Therefore, more 
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efforts in identifying genetic variants for heat tolerance were suggested for genetic improvements 
in soybean (Boote, 2011).  
 
Genetic basis of soybean plant development in response to temperature 
Mutational studies have successfully demonstrated the role of genes/proteins in regulation of traits 
under heat or cold stress conditions. Mutation in the TERMINAL FLOWER 2 (TFL2) gene 
produced Arabidopsis mutants with reduced HSP90 accumulation and reduced thermotolerance 
(Bennett et al., 2005). Mutations in Arabidopsis genes involved in ABA biosynthesis showed that 
aba1 and -2 mutants with reduced acquired thermotolerance while aba1, -2, and -3 mutants 
showed reduced basal thermotolerance (Larkindale et al., 2005). The same author also showed that 
mutants of ethylene response 1 (etr1) and ethylene response 2 (ein2) were defective in their basal 
thermotolerance.  
Information derived from QTL mapping studies of yield traits under heat or cold stress has 
the potential to be utilized in developing new stress tolerant cultivars by QTL pyramiding. 
However, practical success has yet to be seen in breeding programs that apply QTL mapping and 
pyramiding. Nonetheless, marker-assisted breeding still holds the potential of being the most 
effective and economical technique for plant breeding in the future. So far, work in crop plants 
have identified molecular markers linked to important traits.  
In tomato, four RAPD markers have been linked to high fruit number, high fruit weight, 
and high yield under heat stress (Lin et al., 2006). In sorghum, four QTLs related to drought and 
heat tolerance have been mapped onto three linkage groups (LGs) (Xu et al., 2000). In maize, 11 
QTLs have been identified by RFLP mapping that control pollen germination and pollen tube 
growth under heat stress (Frova & Sari-Gorla, 1994). In some QTL mapping studies, significant 
QTL-trait identified under heat or cold stress may also be related to other abiotic stresses such as 
drought or metal toxicity, suggesting a unique or shared mechanism for abiotic tolerance and re-
emphasizing the multi-gene regulation of quantitative traits.  
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CHAPTER 2 
GENOME-WIDE ASSOCIATION MAPPING OF TEMPERATURE RESPONSE IN 
AGRONOMICALLY IMPORTANT TRAITS OF SOYBEAN 
 
2.1 Introduction 
Impacts of temperature on soybean production 
In the United States, temperature is predicted to increase by 1.5 to 2.0°C over the next 30 years. 
Rise in temperature will either benefit or damage soybean production. The benefits of higher 
temperature can be seen as the reduced number of frost days by 10% in the eastern half of the U.S 
and longer growing season up by 10 days. In the Midwestern region (higher latitude), a relatively 
small increase in temperature will have a positive effect on yield. The mean temperature in this 
region is currently at the optimum 23-24°C for soybean growth and yield (Hatfield et al., 2008 and 
Boote et al., 2003). For a small temperature rise of 0.8°C will increase soybean yield in the region 
by 1.7% (Hatfield et al., 2008). Other benefits include expansion of suitable area for production 
beyond the present cultivated areas. Soybean is amongst the biggest gains in suitable area at 14% 
in similar comparison to pearl millet (31%), sunflower (18%), common millet (16%), and chickpea 
(15%). The possibility for soybean cultivation at higher latitudes is present. For instance, soybean 
production has shifted from the southern and eastern parts of the soybean growing area (Arkansas, 
Mississippi, Louisiana, South Carolina, Georgia and Alabama) to the northern and western areas 
(Iowa, Illinois, Minnesota, Indiana, Nebraska, Ohio, Missouri, North and South Dakota, Michigan 
and Wisconsin). It was suggested that this shift was due to greater yield potential, less pest and 
disease occurrence and more available land for production (Orf, 2010) with equal probability of 
unsuitable growing conditions from the effects of high temperature in the southern and eastern 
areas. 
On the other hand, higher temperature may be harmful to soybean production in terms of 
higher summer soil resulting in water deficit in north eastern region, reduced snow pack and earlier 
snow melt in the western U.S. and drier soil in the south west causing drought in these regions. In 
the southern parts of the U.S. (lower latitude), the current high temperature observed (26-27°C) is 
already above the optimum level for yield, therefore rise in temperature especially during 
reproductive stages might negatively impact soybean yield in this region. For a temperature rise 
of 0.8°C, soybean yield is projected to reduce by 2.4% (Hatfield et al., 2008). Under the IPCC 
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scenario with slowest warming trend, maize and soybean yield in the US is expected to decrease 
by 30-46% by 2100 (Schlenker & Roberts, 2009).  
In other regions of the world, increase in temperature will negatively impact soybean yield 
except for northern parts of China, Japan and Europe. In contrast to regions in higher latitude, a 
decline in suitable area for production due to rise in temperature will be apparent in warmer climate 
regions such as the sub-saharan Africa, the Caribbean, India and northern Australia (Lane and 
Jarvis, 2007). Moreover, as a result of climate change, CGIAR (2007) estimated that by 2055, wild 
species of cowpea, peanut and potato will suffer a reduction of geographical distribution by more 
than half and extinction up to 16-22%. Fortunately, no similar predictions have been reported for 
soybean. This is possibly due to soybean having higher tolerance to temperature stress because of 
its subtropical origins. 
Yield trends over time, whether by a slower or faster rate, can be attributed to cultivation 
practices, technology and genetics, as well as the environment. Adaptation methods to mitigate the 
effects of climate change or global warming includes methods in management or cultural practices 
and methods in genetics and breeding. Some management methods that can be used are expanding 
crop production to cooler regions or shifting to earlier planting dates. Genetics and breeding 
adaptation methods include switching to new tolerant varieties. Therefore, developing crops with 
increased tolerance to low and high temperatures would be the way forward to address these 
limitations. The combination of molecular genetics knowledge and high throughput applications 
such as transcriptomics, proteomics, and metabolomics is essential for the discovery of novel genes 
or identification of genetic determinants that regulate plant stress response and adaptation to 
abiotic stresses. Such knowledge and technological applications may result in improved crop 
performance under stressful environments.   
Plants undergo multiple or combinations of abiotic stresses throughout its life cycle. Plants 
develop unique responses to a combination of two or more abiotic stresses, similar to when plants 
are subjected to independent stresses (Mittler, 2006). In this study however, we focus on the effects 
of a single abiotic factor: temperature stress. In their review, Bita & Gerats (2013) emphasized the 
need to study the independent mechanism of temperature stress in order to be able to make sense 
the complex interaction when combined effects with other abiotic stresses are studied.  
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Genome-wide association mapping for genetic dissection of important traits  
Genetic diversity as the basis of an association mapping panel 
In contrast to quantitative trait loci (QTL) mapping, association mapping (AM) studies utilize 
genetic diversity to capture historic DNA recombination events that may result in higher mapping 
resolution. Information on genetic diversity can be used to select for potential parents for breeding 
and mapping populations in order to maximize genetic gain and thus yield potential in soybean. 
Molecular marker analyses using different DNA markers have been extensively done to assess 
genetic diversity in different collections of soybean germplasm. Assessment on genetic diversity 
includes analyses on population structure, principal component and linkage disequilibrium. Thus, 
information from genetic diversity studies is crucial in determining significant marker-trait 
associations in association mapping studies.   
Wild and cultivated soybeans have been utilized in various genetic diversity studies.  The 
genetic structure of eight wild populations (Glycine soja) from Russia was characterized using 
RAPD and ISSR markers (Tikhonov et al., 2011). The level of polymorphism ranged from 45.0 to 
94.2% and the average number of alleles per locus in the studied population was 1.78. A study of 
three G. soja populations from the northern part of China by ISSR assay found that the level of 
polymorphism varied from 68.2 to 72% (Jin et al., 2006). Both studies conferred that genetic 
diversity in the wild soybeans populations depends weakly on their geographic position.  
In studying the genetic diversity of cultivated soybean (Glycine max), Lee et al. (2011) 
assessed 90 cultivated soybean accessions from Korea and China using SSR markers. Chinese 
populations were found to have higher diversity than Korean populations. In addition, 
STRUCTURE and PCA analysis showed the population from southern China is clearly defined at 
K=5. However, genetically distinct gene flow among populations was present. Hirota et al. (2012) 
found wide genetic diversity between 57 black G. max landraces from Japan where population 
structure analysis inferred was K=6 and suggested that gene flow events might have occurred. 
In 2010, Li and collaborators studied the genetic diversity between 303 cultivated and wild 
soybean progenitor using microsatellite and SNP markers. G. soja exhibited higher diversity than 
G. max with population structure K=6 and K=4, respectively. Similarly, Guo et al. (2010) through 
microsatellite and SNP analysis of 79 cultivated and 231 wild soybeans from China, South Korea 
and Japan showed that a bottleneck severity of K=2 occurred during domestication. Kaga et al. 
(2012) evaluated the genetic variation and population structure among 1603 soybean accessions 
28 
 
including landraces, cultivated and wild ones from 16 Asian countries using SNP markers. The 
genetic diversity among cultivated and wild was lower than exotic accessions.  
Linkage disequilibrium (LD) analysis is an important component in association mapping 
studies and is dependent on linkage, population structure, and relatedness among individuals or 
kinship found in soybean populations. Kaga et al. (2012) found LD increment of 1.4-fold in 
Japanese accessions to be lower than North American cultivars, suggesting that small population 
size and limited generations restricted effective recombination. Hao et al. (2012) revealed wide 
genetic diversity among 191 soybean landraces using SNPs and sub-populations of K=2. In 
addition, the level of LD was about 500 kb. The outputs of genetic diversity analyses showed that 
while wide genetic diversity exists in different soybean populations with population structure, K, 
ranging from 2 to 6, indicating gene flow events might have occurred in the different populations.  
 
Development of other association mapping populations 
Besides historic germplasm, family-based populations i.e.: biparental and multiparental 
populations (such as used in QTL mapping) and breeding populations can be used for AM. Multi-
parental populations are used as an alternative to bi-parental populations to increase mapping 
resolution in association mapping studies. Two popular designs used in developing multi-parental 
lines are the multi-parental advanced generation intercrosses (MAGIC) and nested association 
mapping (NAM), suggested by Cavanaugh et al. (2008) and Yu et al. (2008), respectively.  
MAGIC populations are developed by using one of the two schemes: 1) 4, 8, or 16 parents 
in bi-parental crosses, followed by intercrossing of F1; or 2) by inter-mating parental inbreds (PIs) 
in multiple generations. MAGIC populations using the first scheme have been developed for rice 
and wheat to map quantitative traits (Bandillo et al., 2013 and Huang et al., 2012). The second 
scheme, involving multi-parent inter-cross for several generations, has been used to develop 
MAGIC populations in Arabidopsis (Kover et al., 2009). Just recently a group in India has initiated 
developing soybean MAGIC populations using crosses between cultivated soybean (G. max) and 
wild soybean (G. soja) (Shivakumar et al., 2016).  
NAM populations may be developed by crossing between one common PI line with a 
number of founder PIs. NAM lines have been developed for major crops such as maize, wheat, 
barley, and soybean including for the model plant Arabidopsis. In soybean, the Brian Diers group 
developed NAM lines by using a common PI line, IA3023, as the hub parent for crossing with a 
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diverse set of 40 PIs (Soybase, 2016). Breeders can conduct joint linkage AM (JLAM) using NAM 
populations which is a method that combines the benefits of QTL mapping and AM approaches to 
identify significant marker-trait associations (Gupta et al., 2014).  
 
Genetic markers for association mapping 
The most common markers can be classified into three major types i.e.: morphological, 
biochemical and DNA/molecular marker. A variety of genetic markers has been used for 
association mapping. Different genetic markers are utilized depending on their feasibility and 
availability. DNA markers for AM include random amplified polymorphic DNA (RAPD), inter-
simple sequence repeat (ISSR) or microsatellite, and single nucleotide polymorphism (SNP). Other 
forms of marker include copy number variation (CNV), presence and absence variation (PAV), 
insertion deletion (InDel), and insertion-site-based polymorphisms (ISBP) (Edwards & Gupta, 
2013).  
 
Advantages and limitations in using genome-wide association mapping  
Genome-wide association mapping is an alternative approach to the classical linkage mapping 
used in the detection of genetic loci that regulates phenotypic variation in plants. A major 
advantage of using an association panel with diverse background is that all ancestral recombination 
events are captured therefore more alleles (including rare and low frequency alleles) may be 
identified in the analysis. In soybean, association mapping studies have identified significant loci 
associated with seed quality traits such as oil and protein content, abiotic tolerance traits such as 
iron deficiency, alkaline and salinity tolerance and also yield-related traits such as days to 
flowering and maturity. However, due to the diversity of the association panels, spurious 
associations between marker and allele frequency may occur. To control for these spurious 
associations, an estimation of population structure and relatedness among individuals or kinship 
that exists in the panel is included in the mapping analysis.  
 
Association mapping studies in soybean 
Novel loci for qualitative and quantitative traits can be dissected through mapping studies such as 
linkage and association mapping (AM). In comparison to linkage mapping that uses bi-parental 
populations, association mapping often uses general populations (also known as diversity or 
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association panels) for the detection of marker-phenotype association (Hou et al., 2011) or 
association between markers and quantitative trait loci (QTL). AM studies have been successful 
in identifying significant marker-trait associations within their respective association panels. The 
identification of significant associations will facilitate soybean breeders in the selection for 
parental lines, the design and optimization of hybridization combinations and the selection of trait 
of interest using marker-assisted selection (MAS). 
In soybean, AM have been used to dissect the genetic control of pest and disease resistance 
to Sclerotinia fungus (Iquira et al., 2015 and Zhao et al., 2015), bacteria (Yang et al., 2012), mosaic 
virus (Cheng et al., 2010) and Phytophtora sojae (Sun et al., 2014). AM has also been applied to 
study abiotic factors such as alkaline and salinity tolerance (Zhang et al., 2014), aluminium 
tolerance (Korir et al., 2013), and iron deficiency chlorosis resistance (King et al., 2013 and Wang 
et al., 2008). AM studies have been done for growth and yield-related traits such as days to 
flowering and days to maturity (Zuo et al., 2013 and Gai et al, 2011). Since seed quality is the most 
important trait in soybean production, AM has targeted on seed protein content (Sonah et al., 2015; 
Zhang et al., 2014; Hou et al., 2011; Shi et al., 2010) and seed oil content (Priolli et al., 2015; 
Sonah et al., 2015; Shi et al., 2010; Bachlava et al., 2009). Other parameters of seed quality such 
as seed size and shape (Hu et al., 2013 and Niu et al., 2013) have also been studied.  
 
Research aim and specific objectives 
Temperature has been reported to have physiological effects to soybean plants in terms of oil and 
protein content, growth and yield. Although seed emergence is an essential factor in plant 
development, association mapping of this trait in soybean has not yet been reported. Therefore, 
this research aims to study the genetic control of seed emergence and growth-related traits in 
cultivated soybean in response to both low and high temperature. The specific objectives are: 
1) To determine the effects of low and high temperature on seed emergence and growth-
related traits in cultivated soybean through phenotypic analysis 
2) To conduct a genome-wide association mapping study of temperature response for seed 
emergence growth-related traits in cultivated soybean 
3) To identify genetic loci associated with response to temperature response in seed 
emergence and growth-related traits in soybean  
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2.2 Materials and methods 
Genotypic data analysis 
The genotypic dataset containing single nucleotide polymorphisms (SNPs) data of 417 selected 
cultivated soybean and 40 NAM parental lines was downloaded from the Soybase database 
(http://soybase.org/) using the SoySNP50K haplotypes download function. Genotypic analyses 
conducted on the SNPs dataset include cladogram analysis, population structure, and principle 
component analysis. Prior to conducting genotypic data analysis, the downloaded SNPs dataset 
was formatted as Hapmap form. A guide to Hapmap formatting was obtained from the User 
Manual for Trait Analysis by Association, Evolution & Linkage (TASSEL) program (version 
TASSEL 5.0). Subsequently, the SNPs data were filtered for high quality SNPs using TASSEL. 
The filter parameters were set to a minimum count of 10% of total number of lines, a minimum 
frequency of 0.05 and a maximum frequency of 1.0. Filtering was done to remove monomorphic 
and low coverage sites. Ultimately, the high quality SNPs will be used for conducting GWAS on 
traits of interest.  
In TASSEL, the kinship matrix was calculated using the scaled IBS method and a 
cladogram analysis was run to determine the genetic relatedness among genotypes and the number 
of main clusters based on SNPs data present in the diversity panel. A neighbor-joining (NJ) 
phylogenetic tree was then constructed based on the genetic distance matrix from cladogram 
analysis. The association panels were further analyzed for possible population structure using 
Structure program (version 2.3.4) using the admixture model-based clustering method (Pritchard 
et al., 2000). Firstly, a subset (1/3) of the total high quality SNPs was obtained by subsequent 
filtering. The filter parameters were set to a minimum count of 10% of total number of lines, a 
minimum frequency of 0.37 and a maximum frequency of 1.0. The SNPs subset was then ran in 
Structure. The length of burning period and Markov Chain Monte Carlo (MCMC) was set at 15000 
and 15000, respectively. Three independent runs were performed at k levels, determined at 1 to 10 
to calculate the number of subpopulations, k. The results were analyzed using Structure Harvester 
(Earl & Vonholdt, 2012) to detect the most probable number of k inferred by δk as described by 
Evanno et al. (2005).  
Genotype numericalization was necessary to perform mathematical transformation, data 
imputation and principle component analysis (PCA). PCA was run by first transforming SNPs data 
for each association panel using TASSEL 5. Filtered sites were transformed from character form 
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(e.g.: A, T, C, or G) to numerical value (1 or 0) where 1 was assigned to the major allele and 0 to 
any other alleles. After numericalization, numeric imputation was done to impute missing values 
in the numeric genotype dataset. PCA was then done on the imputed numeric genotypic dataset. 
The default parameters used were: 1) no of principle component (PC) = 5; 2) minimum eigenvalue 
= 0.0; and 3) total variance = 0.5. The filtered SNPs was analyzed using the covariance and 
correlation matrix approaches. The eigenvalues obtained from each genotype were plotted as a 
scree plot to determine the number of PCs to include in the PC analysis. The scree plot was output 
using R.  
 
Selection of association mapping panels 
Most of the cultivated soybeans utilized in this association mapping study have been previously 
sequenced by a research group from University of Missouri (Colombia), led by Dr. Henry T. 
Nguyen in collaboration with Dr. Randall Nelson from University of Illinois (Urbana-Champaign). 
This United Soybean Board (USB) large-scale sequencing project originally consisted of 432 of 
the most diverse soybean genotypes based on a diversity analysis using SoySNP50K data. Upon 
further selection based on heterogeneity levels, 350 genotypes were chosen by the group for 
sequencing. The 50 most diverse lines were sequenced at 40x coverage, and the next 300 diverse 
lines were sequenced at 15x coverage.  
In our study, we included all 350 genotypes that were sequenced, 50 genotypes from the 
balance of the original selection, as well as 41 NAM parental lines obtained from Dr. Brian Diers 
soybean research lab. In total, 440 soybean genotypes were utilized in this research. The Plant 
Care Facility was unable to provide greenhouse space that can accommodate all genotypes in a 
single trial at once. Therefore, we separated our soybean lines into two association panels, each 
constituted of a reasonable number of lines, designated as AP1 and AP2. AP1 and AP2 consisted 
of 266 and 200 soybean lines, respectively. Two main selection criteria for the separation of 
association panels are the sequence depth-coverage and the quality of single nucleotide 
polymorphisms (SNPs), determined by the information provided by the large-scale sequencing 
project and genotypic analysis conducted, respectively.  
Based on sequencing coverage, AP1 consisted of 50 lines that are being sequenced at 40x 
coverage, 215 lines being sequenced at 15x, and Williams 82 (PI 518671) as control variety. AP2 
consists of 25 lines currently being sequenced at 40x coverage, which are redundant of the ones in 
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AP1, included to obtain comparable results. Also included in AP2 is 83 lines, which is the balance 
of the 300 diverse lines being sequenced at 15x coverage. AP2 also consisted of 50 accessions not 
being sequenced and 41 NAM parental lines. Cultivar Williams 82 (PI 518671) is used as control 
accession for both panels. Information on soybean PIs used in this study can be found in Table 
2.45. Based on origin, AP1 largely consists of accessions with Asian-origin, 13% from Europe & 
America, and the balance are from Africa, Australia and of unknown origin. Half of AP2 consists 
of accessions originated from Asia, 7% from Europe, 20% from the US, 1% from Africa and 22% 
of unknown origin. 
Both AP1 and AP2 were studied for seed emergence traits. Meanwhile, only AP1 was used 
for studying growth-related traits.  
 
Greenhouse conditions and experimental design 
Two temperature regimes were chosen for this study. Low and high ambient temperature was 
determined as 20°C and 30°C, respectively. The photoperiod was maintained at long-day 
conditions in both temperatures with 14 hours daylight and 10 hours dark. Temperature trials were 
conducted in the greenhouse to ensure that temperature level was consistent throughout the 
growing period. A summary of the association panels and greenhouse locations and conditions 
used for each trial is shown in Table 2.1. The selected association panels were subjected to both 
low and high temperature with the same photoperiod condition. Low temperature studies were 
conducted during late fall and spring time from November to March. High temperature studies 
were conducted during summer time from May to October.  
Seed emergence studies were conducted for a minimum of two weeks while growth-related 
trait trials were conducted for the whole growth period, approximately 8 months. Prior to sowing, 
soybean seeds with seed coat characteristics similar to wild soybean seeds were scarified. Wild 
soybeans typically have thicker seed coat than cultivated soybeans, making the seeds impermeable 
for imbibition and germination.  
For seed emergence studies in each panel, seeds were sown in azalea plastic pots that are 
15 cm in diameter containing steamed Vodkin mix i.e. 2:1 - soybean mix (1:1:1 – soil: perlite: 
torpedo sand): universal mix. Five seeds were sown per replication per line. Due to space 
constriction, two lines were sown in one pot. A total of 100 square foot of greenhouse space was 
34 
 
required for each seed emergence study. To ensure light and temperature was evenly distributed 
among the seeds and plants, pots were randomly moved every two days for two weeks.   
For growth-related trait trials, seeds were sown in classic 300 (one gallon) plastic pots that 
are 15 cm in diameter containing the same type of soil used in emergence tests. Five seeds were 
sown per replication per line per pot. Only one plant per replication per line remained in each pot 
after one month after planting. Extra plants were removed to avoid plant competition. A total of 
500 square feet of greenhouse space was used for each trial. To ensure light and temperature was 
evenly distributed among the plants, pots were randomly rotated every two days for one month.  
Pots were no longer moved afterwards to avoid unnecessary stress to growing plants. For both 
emergence and growth-related trials, the experimental design used was a completely randomized 
design (CRD) with three replications. Watering was done by hand on a daily basis in all trials. 
 
Phenotypic evaluation and data analysis 
Seed emergence traits were evaluated from data collected from each temperature trial for AP1 and 
AP2. Seed emergence is determined as the emergence of seed hypocotyl above the soil surface. 
Seed emergence was measured once a day for each line and repeated until the third week after 
sowing. The seed emergence traits were then analyzed in terms of days to initial emergence, days 
to 50% emergence, mean days to emergence, and percentage of emergence. Table 2.2 shows a 
description of how each trait was measured. Analysis of variance (ANOVA), implemented by 
procedure MIXED was conducted on each trait by treating temperature levels and room/location 
as fixed effects while maturity groups (MGs), seed age and sequence coverage as random effects. 
The Bayesian Information Criterion (BIC) was used to determine the fittest statistical model for 
each seed emergence trait. Treatment effects were tested at the 5% probability level. Initial data 
analysis by procedure GLM showed skewed distribution for days to initial emergence and days to 
50% emergence traits. Therefore, data on these traits were transformed using log transformation 
for further statistical analysis. Correlation analysis (CA) was also conducted by procedure CORR 
using Pearson and Spearman Correlation Coefficient methods to test for trait by trait correlation. 
For each seed emergence trait, best linear unbiased predictors (BLUPs) was calculated by 
procedure MIXED, excluding the variations of location, maturity groups, seed age and 
experimental error. Analyses were conducted using SAS statistical software package (Release 9.4; 
SAS Institute, Cary, NC, USA). 
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Eighteen growth-related traits measured in this study include days to flowering, no. of 
trifoliate leaf at flowering, internode number of first flower, no. of internodes at flowering, plant 
height at flowering, days to seed set, no. of pod at seed set, no. of trifoliate leaf at seed set, days to 
seed maturity, no. of trifoliate leaf at seed maturity,  no. of mature pod at seed maturity, no. of 
internodes at seed maturity, plant height at seed maturity, last day to seed maturity, days from 
flowering to seed set, days from seed set to seed maturity, days from flowering to seed maturity, 
and days from first to last day of seed maturity (refer to Table 2.2). Growth-related traits were 
measured daily until end of the growing period. Similarly, ANOVA, CA, and BLUPs were 
conducted using SAS software. ANOVA, by procedure MIXED was conducted on each growth-
related trait with temperature as fixed effect while genotype and MGs as random effects. The 
Bayesian Information Criterion (BIC) was used to determine the fittest statistical model for each 
growth-related trait. Correlation analysis (CA) was conducted by procedure CORR using Pearson 
and Spearman Correlation Coefficient to test for correlation among growth-related traits. BLUPs 
was calculated by procedure MIXED by excluding the variations of MGs and experimental error. 
For each seed emergence and growth-related traits, temperature response is measured by 
two approaches i.e.: simple mean difference (SMD) and relative mean difference (RMD). SMD is 
calculated as the difference between 20 and 30°C. RMD is measured as the simple mean difference 
over the average of 20 & 30°C. The values to calculate SMD and RMD were obtained using seed 
emergence and growth-related data from individual temperature trial. In similar fashion, ANOVA 
and BLUPs were calculated for SMD and RMD for both AP1 and AP2.  
 
Genome-wide association studies (GWAS) 
GWAS was performed using 36,499 high quality SNPs on individual temperature trials in AP1 
and AP2 under 20°C and 30°C for each seed emergence and growth-related traits. GWAS was also 
performed on the temperature response in both panels based on simple mean difference and relative 
mean difference for all traits. For each trait, GWAS was conducted using mixed linear model 
(MLM) function in TASSEL software (version 5.0). The MLM included principal components 
(PCs) and a kinship matrix as covariates to account for population structure and familial 
relatedness, respectively. To test for significant association between marker and trait, BLUPs of 
each seed germination and growth-related trait was used to test for an association at a false 
discovery rate (FDR) using the method of Benjamimi & Hochberg with adjusted p-value of 0.05 
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and 0.10. Manhattan and quantile-quantile (Q-Q) plots were produced by using qqman package in 
RStudio (version 0.99.902) to show significant marker-trait associations for each evaluated trait. 
 
Candidate gene prediction and annotation 
Candidate gene positions and functional annotations for each significant SNPs found at FDR=0.05 
in GWAS analysis were retrieved from Soybase database (http://www.soybase.org/) and 
Phytozome database (http://www.phytozome.org/), respectively. Where sufficient information on 
annotations were lacking, the Arabidopsis Information Resource (TAIR) database 
(http://www.arabidopsis.org/index.jsp) was searched. Prior to searching in these databases, the 
positions of flanking upstream and downstream SNPs to the significant SNPs were obtained from 
the 36,499 SNPs dataset. In Soybase, the positions of candidate genes were retrieved by entering 
the positions of flanking SNPs in the Genome Sequence Viewer. Subsequently, gene models 
(Glyma.Wm82.a2.v1) or published genes that appear in the distance between flanking SNPs were 
considered as candidate genes.  
 
2.3 Results 
Genotypic data analysis  
High quality single nucleotide polymorphism (SNPs) for GWAS 
A total 42,509 SNPs were successfully obtained from the Soybase database (http://soybase.org/). 
An initial filtering by excluding SNPs with minor allele frequency of 5% in at least 90% of soybean 
genotypes resulted in a total of 36,499 SNPs which was determined as high quality (polymorphic 
with high coverage sites across the genome). These high quality SNPs were then used for GWAS 
on our association mapping panels.  
 
Population stratification presence in diversity panel 
Three statistical methods i.e.: NJ tree-based, Structure and PCA were used to investigate the level 
of population stratification that exists in the association panel. A cladogram analysis done in 
TASSEL using 36,499 SNPs produced a phylogenetic tree showing three major clades present in 
the soybean collection (Fig. 2.1). The first major clade (red color) consists of 306 genotypes where 
67% of these lines belong to the late maturity groups. Based on origin, 43% and 15% of lines in 
clade 1 originated from China and the US, respectively. The second major clade (yellow color) 
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consists of 124 genotypes. A distinct difference between clade 1 and 2 is that clade 2 
predominantly consists of lines belonging to early maturity groups. A significant proportion of the 
genotypes in clade 2 are from China and Russia. The third major clade (purple color) consists of 
26 genotypes. There is no clear distinction when compared to the other two major clades. However, 
half of the lines are early maturing and originated from China and Japan. 
A population structure analysis was carried out in Structure using 12,909 SNPs, which is a 
subset of the 36,499 SNPs, and 432 accessions that were originally selected in the USB large-scale 
sequencing project. The Structure analysis found that three major sub-populations were present in 
the diverse collection (Fig. 2.2). The first sub-population (red color segments) was mainly from 
China and the US and 73% of the total genotypes belong to early maturity groups. More than half 
of the second sub-population (green color segments; 61%) belonged to late maturity groups. The 
third sub-population (blue color segments) was mainly from China and 57% of the genotypes 
belong to late maturing. 
Principal component analysis was conducted using 36,499 high quality SNPs in TASSEL. 
Correlation matrix approach in PCA showed that three principle components may explain the most 
variance in the genotypic dataset (Fig. 2.3). The first, second and third PCs using correlation matrix 
explained 7.14, 3.59, and 2.69% of total variance, respectively. Meanwhile covariance matrix 
approach in PCA also showed that three principle components may explain the most variance in 
the genotypic dataset. The first, second, and third PCs using correlation matrix explained 7.37, 
3.83, and 2.72% of total variance, respectively. Interestingly, results obtained from PCA was 
consistent with the results form NJ phylogenetic tree and Structure, suggesting that three sub-
populations may exist in the association panel. Thus, the eigenvalues of PC1, 2, and 3 were 
included in GWAS to avoid false-positive associations due to population stratification.  
 
Establishment of phenotypic trials  
A total of eight seed emergence trials and two growth-related trials were successfully established 
during the course of this research. Seed emergence trials were conducted under 20°C and 30°C for 
AP1 and AP2 and each temperature trial was replicated twice. For AP1, the first and second 
replicate of 20°C trial was established on May 17, 2015 and December 12, 2015, respectively (Fig. 
2.4).  For the same panel, the first and second replicate of 30°C trial was established on June 28, 
2015 and October 11, 2015, respectively (Fig. 2.5). For AP2, the first and second replicate of 20°C 
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trial was established on April 12, 2015 and November 8, 2015, respectively (Fig. 2.6).  The first 
and second replicate of 30°C trial for AP2 was established on May 31, 2015 and August 23, 2015, 
respectively (Fig. 2.7). 
Growth-related trials were conducted under 20°C and 30°C for AP1 only. It is important 
to note that due to the extended period of growing soybean under greenhouse conditions, each 
temperature trial was only replicated once. The 20°C and 30°C trials were established on 
December 12, 2015 and October 11, 2015, respectively. Plant progress from one to six month of 
planting under 20°C are shown in Fig. 2.8 and similar time progress under 30°C are shown in Fig. 
2.9. 
 
Phenotypic data analysis 
Correlation analysis (CA) 
Based on correlation coefficients in Table 2.3 – 2.6, significant correlation was seen in all seed 
emergence traits in both association panels using Pearson and Spearman methods. In AP1 and 
AP2, the correlation between MDE and logDFE was the highest among other positive correlations. 
This may be due to the nature of data collection for DFE and MDE where the average value is 
dependent on the amount of emerging seeds. While there were positive correlations between 
logDIE, logDFE, and MDE, PE was significantly negative correlated with other traits.  
The correlation between 18 growth-related traits in AP1 is presented in terms of Pearson 
and Spearman correlation coefficients in Table 2.7 and 2.8, respectively. To simplify description 
of correlations, each trait was grouped based on their respective developmental stages i.e. 
flowering, seed set, seed maturity, and growth period. At flowering, five traits are hereby 
described. According to Pearson Correlation Coefficient (PCC), DTF was significantly correlated 
with all other growth-related traits with the highest and lowest trait correlation was with DTS and 
FTM at 0.89300 and 0.10606 PCC, respectively. In addition, DTF was negatively correlated with 
FTLDM at -0.16275 correlation coefficient. Meanwhile, TLF was significantly correlated with all 
growth-related traits except for STM and FTLDM. TLF had the highest correlation with TLS and 
lowest correlation with FTM at 0.75645 and 0.08911 PCC, respectively. We found that INF was 
significantly correlated with all other growth-related traits except for NPS, NPM, STM, and 
FTLDM. INF had the highest correlation with PHF and lowest correlation with FTM at 0.46037 
and 0.10089 PCC, respectively. The trait PHF was significantly correlated with all growth-related 
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traits except for NPM and FTM. PHF had the highest correlation with PHM and lowest correlation 
with FTLDM at 0.70553 and 0.08858 PCC, respectively. In addition, PHF was negatively 
correlated with STM at -0.15208 PCC. NIF was significantly correlated with all growth-related 
traits except for STM and FTLDM. The trait NIF had the highest correlation with DTF and lowest 
correlation with NPM at 0.81669 and 0.09418 PCC, respectively.  
According to Spearman Correlation Coefficient (SCC), DTF was significantly correlated 
with all other growth-related traits except for TLM. DTF  had the highest and lowest trait 
correlation  with DTS and FTS at 0.91772 and 0.14161 SCC, respectively. In addition, DTF was 
negatively correlated with FTLDM. Meanwhile, TLF was significantly correlated with all growth-
related traits except for FTLDM. TLF had the highest correlation with DTF and lowest correlation 
with INF at 0.80520 and 0.09381 SCC, respectively. The trait INF was significantly correlated 
with all other growth-related traits except for NPS, NPM, STM, and FTLDM. INF had the highest 
correlation with PHF and lowest correlation with TLM at 0.24246 and 0.05909 SCC, respectively. 
In addition, PHF was significantly correlated with all growth-related traits except for NPM and 
FTM. PHF had the highest correlation with PHM and lowest correlation with FTLDM at 0.75174 
and 0.16135 SCC, respectively. PHF was negatively correlated with STM. The trait NIF was 
significantly correlated with all growth-related traits except for STM and FTLDM. NIF had the 
highest correlation with DTF and lowest correlation with NPM at 0.79728 and 0.07968 SCC, 
respectively. 
At seed set, three traits are hereby described. According to Pearson Correlation Coefficient 
(PCC), DTS was significantly correlated with all other growth-related traits with the highest and 
lowest trait correlation was with DTM and STM at 0.92982 and 0.09314 PCC, respectively. In 
addition, DTS was negatively correlated with FTLDM -0.08893 PCC. Meanwhile, NPS was 
significantly correlated with all growth-related traits except for INF, FTM and FTLDM. NPS had 
the highest correlation with TLF and lowest correlation with PHM at 0.39877 and 0.08298 PCC, 
respectively. NPS was negatively correlated with STM at -0.14979 PCC. The trait TLS was 
significantly correlated with all growth-related traits except for STM. TLS had the highest 
correlation with TLF and lowest correlation with NPM at 0.75645 and 0.08072 PCC, respectively.  
According to Spearman Correlation Coefficient (SCC), DTS was significantly correlated 
with all other growth-related traits except for FTLDM. DTS had the highest and lowest trait 
correlation with DTM and TLM at 0.94652 and 0.06524 SCC, respectively. The trait NPS was 
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significantly correlated with all growth-related traits except for INF, NPM, FTM and FTLDM. 
NPS had the highest correlation with TLF and lowest correlation with TLM at 0.32358 and 
0.10410 SCC, respectively. On the other hand, NPS was negatively correlated with STM. The trait 
TLS was significantly correlated with all growth-related traits with the highest and lowest 
correlation was with TLF and INF at 0.80296 and 0.06463 SCC, respectively. 
At seed maturity, six traits are hereby described. According to Pearson Correlation 
Coefficient (PCC), DTM was significantly correlated with all other growth-related traits with the 
highest and lowest trait correlation was with DTS and PHM at 0.92982 and 0.13931 PCC, 
respectively. In addition, DTM was negatively correlated with FTLDM at -0.14072 PCC. 
Meanwhile, NPM was significantly correlated with all growth-related traits except for INF, PHF, 
NIM and FTM. NPM had the highest correlation with STM and lowest correlation with TLS at 
0.17721 and 0.08072 PCC, respectively. NPM was negatively correlated with 4 traits i.e.: FTLDM, 
TLM, FTS, and PHM at -017232, -0.14048, -0.10415, and -0.07705 PCC, respectively. The trait 
TLM was significantly correlated with all other growth-related traits with the highest and lowest 
trait correlation was with TLS and NPS at 0.61688 and 0.07346 PCC, respectively. In addition, 
TLM was negatively correlated with NPM and STM at -0.14048 and -0.06478 PCC, respectively. 
Based on the analysis, PHM was significantly correlated with all other growth-related traits with 
the highest and lowest trait correlation was with PHF and NPS at 0.70553 and 0.08298 PCC, 
respectively. PHM was negatively correlated with STM and NPM at -0.22026 and -0.07705 PCC, 
respectively. The trait NIM was significantly correlated with all growth-related traits except for 
NPM. NIM had the highest correlation with PHM and lowest correlation with FTLDM at 0.70049 
and 0.17023 PCC, respectively. In addition, NIM was negatively correlated with STM at -0.08546 
PCC. It was shown that LDTM was significantly correlated with all other growth-related traits 
with the highest and lowest trait correlation was with DTM and NPM at 0.83150 and 0.12909 
PCC, respectively.  
According to Spearman Correlation Coefficient (SCC), DTM was significantly correlated 
with all other growth-related traits except for TLM. DTM had the highest and lowest trait 
correlation with DTS and INF at 0.94652 and 0.09997 SCC, respectively. In addition, DTM was 
negatively correlated with FTLDM. The trait NPM was significantly correlated with all growth-
related traits except for INF,PHF, NPS, and NIM. NPM had the highest correlation with STM and 
lowest correlation with FTM at 0.24523 and 0.07870 SCC, respectively. In addition, NPM was 
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negatively correlated with FTS, TLM, PHM, and FTLDM. The trait TLM was significantly 
correlated with all other growth-related traits except for DTF and DTM. TLM had the highest and 
lowest trait correlation with FTLDM and INF at 0.47038 and 0.05909 SCC, respectively. In 
addition, TLM was negatively correlated with NPM and STM. The trait PHM was significantly 
correlated with all other growth-related traits except for FTM. PHM had the highest and lowest 
trait correlation with PHF and NPS at 0.75174 and 0.15924 SCC, respectively. In addition, PHM 
was negatively correlated with NPM and STM. The trait NIM was significantly correlated with all 
growth-related traits except for STM. NIM had the highest correlation with PHM and lowest 
correlation with INF at 0.71655 and 0.20510 SCC, respectively. In addition, LDTM was 
significantly correlated with all other growth-related traits with the highest and lowest trait 
correlation was with DTM and NPM at 0.82828 and 0.08435 SCC, respectively. 
Five traits related to growth period are hereby described. According to Pearson Correlation 
Coefficient (PCC), FTS was significantly correlated with all growth-related traits except for STM. 
FTS had the highest correlation with FTM and lowest correlation with NPS at 0.72291 and 0.09530 
PCC, respectively. FTS was negatively correlated with NPM at -0.10415 PCC. Meanwhile, STM 
was significantly correlated with other growth-related traits except for TLF, INF, NIF, TLS, and 
FTS. STM had the highest correlation with FTM and lowest correlation with DTS at 0.67757 and 
0.09314 PCC, respectively. In addition, STM was negatively correlated with 6 other traits i.e.: 
PHM, PHF, FTLDM, NPS, NIM, and TLM at -0.22026, -0.15208, -0.15084, -0.14979, -0.08546, 
and -0.06478 PCC, respectively. The trait FTM was significantly correlated with other growth-
related traits except for PHF, NPS, NPM, and FTLDM. FTM had the highest correlation with FTS 
and lowest correlation with TLF at 0.72291 and 0.08911 PCC, respectively. Results show that 
FTLDM was significantly correlated with all growth-related traits except for TLF, INF, NIF, NPS, 
FTS and FTM. FTLDM had the highest correlation with LDTM and lowest correlation with PHF 
at 0.43292 and 0.08911 PCC, respectively. In addition, FTLDM was negatively correlated with 5 
other traits i.e.: NPM, DTF, STM, DTM, and DTS at -0.17232, -0.16275, -0.15084, -0.14072, and 
-0.08893 PCC, respectively. 
According to Spearman Correlation Coefficient (SCC), FTS was significantly correlated 
with all growth-related traits except for STM. FTS had the highest correlation with FTM and 
lowest correlation with INF at 0.72291 and 0.11555 SCC, respectively. In addition, FTS was 
negatively correlated with NPM. Meanwhile, STM was significantly correlated with other growth-
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related traits except for INF, NIF, FTS, and NIM. STM had the highest correlation with FTM and 
lowest correlation with TLS at 0.72596 and 0.13955 SCC, respectively. In addition, STM was 
negatively correlated with PHF, NPS, TLM, PHM, and FTLDM. The trait FTM was significantly 
correlated with other growth-related traits except for PHF, NPS, PHM and FTLDM. FTM had the 
highest correlation with STM and lowest correlation with TLM at 0.72596 and 0.07616 SCC, 
respectively. Finally, the trait FTLDM was significantly correlated with all growth-related traits 
except for TLF, INF, NIF, DTS, NPS, and FTM. FTLDM had the highest correlation with TLM 
and lowest correlation with PHF at 0.47038 and 0.16135 SCC, respectively.  In addition, FTLDM 
was negatively correlated with DTF, DTM, NPM, and STM. 
 
Principal component analysis (PCA) 
The objective of principal component analysis (PCA) is to measure the variance that exists in a 
multi-trait dataset. PCA results are important indication of trait variability that resulted from a 
diverse collection of soybean accessions utilized in this study. PCA conducted on seed emergence 
traits in AP1 showed that these traits can be grouped into three major PCs based on a scree plot 
obtained using PRINCOMP procedure in SAS (Fig 2.10a). The proportion values with PC 1, PC 
2, and PC 3 explaining 74.2, 20.4, and 3.8% of total variance in seed emergence traits is shown in 
Fig. 2.10b. Similarly, seed emergence traits in AP2 can be grouped into three major PCs with PC 
1, PC 2, and PC 3 explaining 74.0, 19.9, and 4.5% of total variance (Fig. 2.11). Table 2.9 shows 
the eigenvalues as well as proportion and cumulative values of all PCs obtained from a correlation 
matrix for seed emergence traits in both panels. 
Based on the scree plot obtained from PCA, our growth-related dataset in AP1 can be 
grouped into three major PCs i.e.: PC 1, PC 2, and PC 3. This is further evident by the proportion 
values shown in Fig. 2.12 with PC 1, PC 2, and PC 3 explaining 37.7, 14.2, and 11.6% of total 
variance in growth-related traits. Table 2.10 shows the eigenvalues as well as proportion and 
cumulative values of the first three and remaining PCs obtained from a correlation matrix. The 
eigenvalues and proportion values decrease as the number of PC ascends in order, while the 
cumulative values increase and reach its peak at 1 starting from PC 14 and above.  
 
 
 
43 
 
Phenotypic trait distribution 
Days to initial emergence (DIE) 
To show trait distribution for seed emergence traits for AP1 and AP2, we used actual DIE values 
instead of the logDIE values that were used in ANOVA and BLUPs analyses. In AP1, we used 
approximately 92% of total observations measured for DIE. Soybean seeds tend to emerge faster 
under warm temperature. DIE is significantly longer under 20°C compared to 30°C (Fig. 2.13). 
Plants in MG 000 consistently had the earliest initial seed emergence under both temperatures. 
Plants also showed longer DIE in MGs VII and later. The mean DIE ranged from 4.8 – 8.1 and 3.5 
– 5.8 days under 20°C and 230°C, respectively (Table 2.11).  
Similar to AP1, DIE in AP2 was significantly longer under 20°C compared to 30°C (Fig. 
2.14). In AP2, variation in DIE was also larger under 20°C across MGs. However, there was no 
significant difference in DIE among MGs under 30°C. This may suggest that type of MG may 
affect seed emergence under cool temperature but not under warm temperature. The range of mean 
DIE was 4.2 – 6.6 days and 2.7 – 4.4 under 20°C and 30°C, respectively (Table 2.12). The NAM 
parental lines in AP2 are similar to plants in MG 000 in AP1 in terms of being the earliest to 
emerge under warm temperatures. Although information on the type of maturity group of NAM 
parental lines is not available, this finding may suggest that most NAM parental lines belong to 
early maturing soybean groups. As expected, the range of DIE across MGs in AP2 is smaller in 
comparison to AP1under both temperatures due to AP1 mainly consists of a more diverse genotype 
collection than AP2.  
 
Days to 50% emergence (DFE) 
As expected, DFE was longer than DIE in both panels. In AP1, DFE was longer under 20°C 
compared to 30°C (Fig. 2.15). The mean range of DFE across MGs was larger under 20°C with 
5.1 – 8.2 days compared to under 30°C with 5 – 6.5 days (Table 2.13). Under both temperatures, 
MG 000 consistently showed the earliest DFE with a mean value of 5.1 and 5 days for 20°C and 
30°C, respectively. In addition, plants in MG VIII had the highest DFE under both temperatures. 
Similar trend was observed in AP2 where DFE is longer under 20°C compared to 30°C 
(Fig. 2.16). Under both temperatures, plants in MGs 00 to V had similar DFE values (Table 2.14). 
However, DFE was slightly longer in MG VII with highest mean DFE of 8.9 days under 20°C. 
DFE was longest in MG VIII under 30°C. Variation of DFE in NAM parental lines was 
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consistently small and plants belonging to the NAM group reached the earliest DFE under both 
temperatures. 
 
Mean days to emergence (MDE) 
In this study, MDE is considered as a more accurate approach of measuring days to seed emergence 
because only the days of emerging seeds were counted and averaged in each replicate. In AP1, 
MDE was consistently longer under 20°C compared to 30°C. As shown in Fig. 2.17, MDE was 
the shortest in MG 000 under both temperatures. Based on basic statistics, the range of MDE was 
5.5 – 8.9 days and 4.4 – 6.9 days under 20°C and 30°C, respectively (Table 2.15). In general, late 
MGs (MG VII and later) have higher MDE compared to early and intermediate MGs with the 
highest MDE recorded was in MG X and MG IX under 20°C and 30°C, respectively.  
Similar trends were observed for AP2 where MDE is significantly longer under 20°C 
across MGs including in the NAM group (Fig. 2.18). The range of mean MDE was 4.9 – 8 days 
and 3.1 – 5.6 days under 20°C and 30°C, respectively. Overall, MDE was similar across MGs 
under 30°C and slightly varied under 20°C with the exception of NAM group. As with DIE, this 
indicates that type of MG may not affect MDE under warm and cool conditions. Under both 
temperatures, plants in MG X had the longest MDE while NAM had the shortest MDE value 
(Table 2.16). Previous trait correlation analysis has shown that MDE is highly correlated with 
logNFE in both AP1 and AP2 therefore similar trend between MDE and NFE was observed.  
 
Percentage of emergence (PE) 
In the previous correlation analysis, PE is shown to have negative correlation with DIE, NFE, and 
MDE. However, PE is mainly used as measurement of seed performance under field conditions 
and may indicate overall seed quality. It is also important to consider the varying date of seed 
harvest present in the seed collection used in this study. In AP1, lower PE was observed when MG 
increased (Fig. 2.19) with mean PE ranging from 50.83 – 95% and 33.33 – 83.33% under 20°C 
and 30°C, respectively (Table 2.17). Overall, early and intermediate MGs had higher PE compared 
to late MGs. In particular, late MG X had the lowest PE under both temperatures. Early MGs 000 
and 00 had the highest PE under 20°C and 30°C, respectively.  
Similar to AP1, Fig. 2.20 shows that PE was lower as MG increased in AP2 with the 
exception of the NAM group where the highest mean PE at more than 95% was recorded under 
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both temperature conditions (Table 2.18). The lowest mean PE was observed in VII under both 
temperatures.  
 
Days to flowering (DTF)  
As expected, DTF was much longer as the MG increases under both temperature conditions (Fig. 
2.21). In addition, DTF was significantly much longer under 20°C compared to under 30°C for 
maturity groups 000 to VII, but was not significant for late maturity groups IX and X. Comparing 
the mean values of DTF under two temperatures, the basic statistics showed that as the maturity 
group increases the mean values also increases, with the exception of MG 000 which was slightly 
higher than MG 00 under 20°C (Table 2.19). Under 20°C, DTF had a larger range in maturity 
groups II to VI. Meanwhile under 30°C, DTF had a bigger range in the late maturity groups VII to 
X. Under both temperatures, the no. of observations was relatively the same, indicating that 
flowering time in soybean lines from each maturity group can be fairly compared.  
 
No. of trifoliate leaf at flowering (TLF) 
With the exception of MG 00, TLF was significantly much higher under 20°C for maturity groups 
000 to VI, but TLF was significantly higher  in MGs VIII and IX under 30°C (Fig. 2.22). A 
comparison between TLF mean values under both temperatures is shown in Table 2.20. Under 
20°C, with the exception of MG 00, TLF was higher as the MG increases but began to decrease in 
MG VIII and later. Under 30°C, TLF was higher as the MG increases until MG IX. MG X 
consistently had lower TLF under both temperatures when compared to other late MGs. TLF had 
a larger range in maturity groups II to VI under 20°C while a bigger range in the late maturity 
groups VII to X was found under 30°C.  
 
Internode number of first flower (INF) 
The INF in soybean plants in AP1 does not differ from early to intermediate maturity groups under 
both temperatures (Fig. 2.23). However, later MGs under 30°C have significantly higher INF 
compared to under 20°C. In relation to days to flowering (DTF), soybean plants in late MGs with 
longer DTF under 30°C may be taller and start producing flowers at a higher internode number 
than late MGs under 20°C. This is evident by plant height shown in Fig. 2.25. In general, the mean 
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value of INF under 20°Care similar across MGs while the mean value of INF increased as MG 
increased (Table 2.21). 
 
No. of internodes at flowering (NIF) 
With the exception of very early (MG 000 and 00) and late MGs (VII, IX and X), soybean lines 
belonging to intermediate MGs have higher NIF under 20°C compared to under 30°C (Fig. 2.24). 
The range of NIF is larger in intermediate and late MGs under both temperatures. MG 000 has 
consistently higher NIF compared to other early MGs under 20°C and 30°C with mean values of 
11.17 and 11.83, respectively (Table 2.22). 
 
Plant height at flowering (PHF) 
At flowering, soybean mean height may range from 14.53 cm short to 187.90 cm tall (Table 2.23). 
Small variation in PHF was observed in MG 00 to III under both temperatures.  However, variation 
in PHF is found to be more significant in late MGs under 30°C when compared to under 20°C 
(Fig. 2.25). Based on mean values, early MG 000 plants are much taller compared to their early 
MG counterparts as well as until intermediate MG III. Since PHF and NIF is shown to be correlated 
(Table 2.7 & 2.8), higher INF in early MG 000 may contribute to higher PHF under both 
temperatures. Plants in late MGs have lower PHF under 20°C but significantly higher PHF under 
30°C.  
 
Days to seed set (DTS) 
Similar to days to flowering, DTS was much longer as MG increases under both temperature 
conditions (Fig. 2.26). DTS was significantly much longer under 20°C compared to under 30°C 
for maturity groups 000 to VII, but was not significant for MG VIII. Early MGs have smaller 
variation in DTS. Larger variations were observed in late MGs under 30°C. We found that plants 
in late MGs IX and X did not reach seed set or R5 stage even though they were shown to flower 
in Fig. 2.21. Comparing the mean values of DTS under two temperatures, the basic statistics 
showed that as the maturity group increases the mean values also increases (Table 2.24).  
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No. of pod at seed set (NPS) 
The number of green seed pod was counted when plants reached the seed set or R5 stage. Based 
on Fig. 2.27, higher NPS was counted as MG increased under 20°C with the exception of MG 
VIII. NPS was not significantly different in early to intermediate MGs under both temperatures 
(Table 2.25). Since plants in late MGs IX and X did not reach R5 stage, no seed count was present.  
 
No. of trifoliate leaf at seed set (TLS) 
At seed set, TLS was higher as MG increased but was lower in late MGs under both temperature 
conditions (Fig. 2.28). Variation in TLS was much smaller in early MGs compared to late MGs in 
both 20°C and 30°C. Based on mean values, plants in MGs 000 to III have higher TLS under 20°C 
but as MG increased, TLS was higher under 30°C (Table 2.26). In general, plants reduce vegetation 
growth once reproduction stage begins. This may support the finding that in late MGs plants with 
lower NPS may have higher TLS, specifically shown in plants grown under 30°C.  
 
Days to seed maturity (DTM) 
The presence of dried seed pod indicate plant maturity. As expected, DTM was much longer as 
MG increases under both temperature conditions (Fig. 2.29). DTM was significantly much longer 
under 20°C compared to under 30°C for maturity groups 000 to IV, but was relatively similar for 
later MGs. Mean values ranged from 88.7 to 205.0 days and 65.5 to 195.0 days  under 20°C and 
30°C, respectively (Table 2.27). We did not observe DTM in late MGs IX and X under 30°C 
because plants did not reach the R5 stage.  
 
No. of mature pod at seed maturity (NPM) 
Based on Fig. 2.30, there is larger NPM variation under 20°C compared to 30°C. In addition, NPM 
follow a slightly normal distribution with higher NPM observed in intermediate MGs under 20°C. 
Table 2.28 shows higher NPM mean values under 20°C across MGs. Unlike NPS, variation in 
NPM was larger in early MGs under 20°C.  
 
No. of trifoliate leaf at seed maturity (TLM) 
At seed maturity, TLM was higher as MG increased in both temperatures but TLM was lower in 
late MGs VIII and IX under 20°C and MG X under 30°C (Fig. 2.31). As MG increased, more 
48 
 
variation in TLM was observed under 30°C. Similar to the correlation between NPS and TLS, 
plants in late MGs with lower NPM may have higher TLM which can be observed under both 
temperature conditions. Based on mean values, plants under 30°C have higher TLM as MG 
increased compared to 20°C (Table 2.29). 
 
No. of internodes at seed maturity (NIM) 
In general, NIM was higher under 30°C compared to under 20°Cas MG increased (Fig. 2.32). 
Under 30°C NIM was consistently higher as MG increased, however, NIM was decreased in MGs 
VII and later under 20°C. The mean values for NIM ranged between 8.79 – 22.31 and 10.75 – 
41.50 under 20°C and 30°C, respectively (Table 2.30).  
 
Plant height at seed maturity (PHM) 
At flowering, PHM increased as MG increased in both temperatures but PHM declined in MGs 
VIII and IX under 20°C (Fig. 2.33). Plants were significantly taller under 30°C in all MGs with 
mean values ranging from 40.55 to 223.03 cm compared to mean range under 20°C (Table 2.31). 
In late MGs, plants have lower PHM under 20°C but significantly higher PHM under 30°C. As 
seen in PHF, early MG 000 plants are much taller compared to their early MG counterparts as well 
as until intermediate MG IV for PHM. In Table 2.7, it was shown that PHM is highly correlated 
with NIM at 0.7049 Pearson correlation coefficient, suggesting that higher NIM contribute to 
higher PHM under both temperatures.  
 
Last day to seed maturity (LDTM) 
Under both temperatures, LDTM was longer as MG increased (Fig. 2.34). Based on mean values, 
plants in MGs 0 to VI tend to have longer LDTM under 20°C while LDTM was longer in MG 000, 
00 and VII under 30°C (Table 2.32). LDTM was not observed in late MGs IX and X for both 
temperatures although seed set was reported under 20°C. This may be due to plants not reached 
seed set stage under 30°C and longer days needed to reach LDTM under 20°C.  
 
Days from flowering to seed set (FTS) 
As expected, FTS increased as the MG increased under both temperatures with the exception of 
MG X under 20°C (Fig. 2.35). FTS was much longer under 30°C especially in MGs IV and later. 
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Basic statistics showed that as the maturity group increases the mean values also increases in both 
temperatures, with the exception of MG X which was slightly lower under 20°C (Table 2.33). 
Across MG, mean FTS ranged from 3.5 to 37.9 days and 5.0 to 65.5 days under 20°C and 30°C, 
respectively. Variation in FTS was larger in MG V and later, especially under 30°C. Plants in late 
MGs IX and X set seed under 20°C, however, plants did not set seed under 30°C even though 
flowering occurred.  
 
Days from seed set to seed maturity (STM) 
Trait distribution trend across MG was clearer under 30°C where STM was longer as MG 
increased. Meanwhile, under 20°C STM increased from MG 000 to II but was relatively the same 
from MG III and later (Fig. 2.36). Based on Table 2.34, the range of STM mean values were similar 
under both temperatures, with ranges between 38.3 to 76 days and 39.5 to 77 days in 20°C and 
30°C, respectively.  
 
Days from flowering to seed maturity (FTM) 
Similar to the trend observed for FTS, FTM increased as the MG increased under both 
temperatures (Fig. 2.37). In general, FTM was longer in MGs 000 to II but shorter in later MGs 
under 20°C. Under 30°C, variation in FTM was larger and significantly much longer in MGs V 
and later when compared to 20°C. Basic statistics showed the mean FTM ranged from 42.3 to 81 
days and 44.5 to 115 days in 20°C and 30°C, respectively (Table 2.35). No information was 
obtained from MG X for both temperatures. Plants in MG X maintained vegetative growth as 
evident in higher TLM, NIM, and PHM at seed maturity stage (Fig. 2.31-2.33). As expected, STM 
was much longer than FTS, and FTM was longer than both FTS and STM across MGs.  
 
Days from first to last day of seed maturity (FTLDM) 
Interestingly, while FTLDM was longer under 20°C as MG increased, FTLDM was much longer 
in early MGs and decreased as MG increased under 30°C (Fig. 2.38). Variation in FTLDM for 
MG VII was consistently small under both temperatures. Not enough information on MG VIII and 
later were obtained as plants that reached seed maturity was small to none. Based on the basic 
statistics, FTLDM was longer under 30°C compared to 20°C (Table 2.36). The mean range of 
FTLDM across MGs was 18.3 – 30 days and 26.4 – 68.7 days under 20°C and 30°C, respectively.  
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Analysis of phenotypic trait variation 
In AP1, ANOVA conducted for each seed emergence trait by combining the data of two replicated 
trials for both two temperatures (Table 2.37). Results showed that the variation of temperature was 
highly significant for all traits. Highly significant variation (p-value = <0.0001) was observed 
among room/locations, origin, and seed age for all traits. However, there was no significant 
variation of sequence coverage for logDIE, logDFE, and MDE. Similarly, no significant variation 
of temperature by sequence coverage interaction was observed for all traits except for logDFE. 
Significant variation of MG was observed in all traits. Temperature by MG interaction was 
significant for logDIE and PE. Significant variation of temperature by seed age was found for all 
traits except PE.  
ANOVA was also conducted for each seed emergence trait in AP2 by combining the data 
of two replicated trials for both two temperatures (Table 2.38). Results showed that the variation 
of temperature was highly significant for all traits except for PE. Significant variation of MG and 
origin was seen in all traits. Highly significant variation (p-value = <0.0001) was observed among 
seed age for all traits. However, there was no significant variation of sequence coverage for 
logDIE, logDFE, and MDE. Similarly, no significant variation of temperature by sequence 
coverage interaction was observed for all traits. Temperature by MG interaction was not significant 
except for MDE. Significant variation of temperature by seed age interaction was found for 
logDFE and MDE but was insignificant for logDIE and PE.  
ANOVA was conducted for each growth-related trait in AP1 by combining the data of 
trials under two temperatures. The ANOVA of five traits at flowering stage is shown in Table 2.39. 
Results show that significant variation of temperature, MG, genotype within MG and the 
interaction of temperature by genotype within MG was observed for all flowering-related traits. 
Meanwhile, the ANOVA of three traits at seed set stage is shown in Table 2.40. Results showed 
highly significant variation of temperature for all traits except for TLS. Highly significant variation 
of MG was observed for all traits. The variation of genotype within MG was significant for all 
traits as well. Temperature by genotype within MG interaction was also significant for all traits. 
The ANOVA of six traits at seed maturity stage is shown in Table 2.41. Results showed significant 
variation of temperature for all traits. Highly significant variation of MG was observed for all traits 
except NPM. The variation of genotype within MG was significant for all traits. Temperature by 
genotype within MG interaction was highly significant for all traits. The ANOVA of for growth 
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period traits is shown in Table 2.42. Results showed significant variation of temperature for all 
traits. Significant variation of MG was observed for traits STM, FTM, and FTLDM. The variation 
of genotype within MG was significant for all traits. Temperature by genotype within MG 
interaction was highly significant for all traits. For FTS, we tested the variation among genotypes 
and temperature by genotype interaction and found significant variation for both variables.  
 
Genome-wide association mapping of soybean traits in response to temperature  
In this study, GWAS was conducted on individual temperature trials under 20°C and 30°C for 4 
seed emergence traits in AP1 and AP2 and 18 growth-related traits in AP1. In addition, GWAS 
was also done on temperature response based on simple mean difference and relative mean 
difference for 3seed emergence traits in AP1 and AP2 and all growth-related traits in AP1.  
 
Days to initial emergence (DIE) 
For AP1, there were no significant SNP-trait association for DIE under individual temperatures 
and SMDDIE. However, one significant SNP at FDR=0.10 was detected on chromosome 9 (chr9) 
of the soybean genome (Fig. 2.39). This SNP (ss715604807) can be associated with RMDDIE. 
For AP2, we did not detect significant SNP-trait association for DIE under individual temperatures 
as well as for temperature response (Fig. 2.40). Based on q-q plots for RMDDIE (Fig. 2.41g,h), 
the MLM model used in GWAS appeared to be sufficient in estimating the likelihood of the 
detected association. 
 
Days to 50% emergence (DFE) 
For AP1, there were no significant SNP-trait association for DFE under individual temperatures 
and for temperature response (Fig. 2.42). Similar observation was obtained for AP2 (Fig. 2.43).  
Based on q-q plots for DFE (Fig. 2.44), the MLM model used in GWAS appeared to be sufficient 
in estimating the likelihood of associations detected (if any) for the trait. 
 
Mean days to emergence (MDE) 
For AP1, there were no significant SNP-trait association for MDE under individual temperatures 
and for temperature response (Fig. 2.45). Similar observation was obtained for AP2.  However, in 
AP2, there were SNPs on chromosomes 4 and 17 for SMDMDE and SNPs on chr 6, 10 and 17 for 
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RMDMDE that were near to FDR=0.10 (Fig. 2.46).  The nearby SNPs for SMDMDE had an FDR 
value of 0.27 while for RMDMDE the FDR ranged between 0.23 and 0.40, respectively. Based on 
q-q plots for MDE (Fig. 2.47), the MLM model used in GWAS appeared to be sufficient in 
estimating the likelihood of associations detected (if any) for the trait. However, q-q plot for MDE 
under 30°C in AP1 showed that the model used may slightly underestimated associations (if any).  
 
Percentage of emergence (PE) 
For AP1, there were no significant SNP-trait association for PE under individual temperatures 
(Fig. 2.48). Similar observation was obtained for AP2 (Fig. 2.49).  Based on q-q plots for PE (Fig. 
2.50), the MLM model used in GWAS appeared to be sufficient in estimating the likelihood of 
associations detected (if any) for the trait. 
 
Days to flowering (DTF) 
A total of 55 SNPs were significantly associated with DTF under 20°C. These SNPS were 
distributed on 5 chromosomes of the soybean genome: 5 SNPs on chr 2, 45 SNPs on chr 6, 1 SNP 
each on chr 11 and 14, and 3 SNPs on chr 18 (Fig. 2.51). From the total, two SNPs (ss715593815 
and ss715593866) on chr 6 were significant at FDR=0.05. A total of 17 SNP-trait associations 
were found under 30°C, distributed on 6 chromosomes: 10 SNPs on chr 5, 2 SNPs on chr 8, 1 SNP 
each on chr 12, 16, and 17 as well as 2 SNPs on chr 18 (Fig. 2.51). Out of the total, 2 SNPs namely 
ss715599219 and ss715629356 on chr 8 and 18, respectively were significant at FDR=0.05. There 
were no significant SNP-trait associations for temperature response measured by SMD and RMD 
for DTF. The significant SNPs found did not overlap under both temperatures, indicating that these 
SNPs are unique to their respective temperatures. Based on q-q plots for DTF (Fig. 2.52), the MLM 
model used in GWAS appeared to be sufficient and slightly over-estimating the likelihood of the 
detected associations.  
 
No. of trifoliate leaf at flowering (TLF) 
There were 3 significant SNPs at FDR=0.10 associated with TLF under 20°C. One SNP each was 
found on chr 11, 12, and 14 (Fig. 2.53). More significant SNP-trait associations were found under 
30°C. A total of 45 and 53 SNPs were significant at FDR of 0.05 and 0.10, respectively. These 
SNPs were distributed on 12 chromosomes of the genome: 25 SNPs on chr 2, 5 SNPs on chr 4, 14 
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SNPs on chr 5, 7 SNPs on chr 6, 13 SNPs on chr 8, 6 SNPs on chr 11, 2 SNPs on chr 16, 9 SNPs 
on chr 17, 8 SNPs on chr 18, 4 SNPs on chr as well as 1 SNP each on chr 3, 7, and 9. There were 
no significant SNP-trait associations for temperature response measured by SMD and RMD for 
TLF. All the significant SNPs were unique to their respective temperatures, with the exception of 
1 SNP (ss715609618) on chr 11 which was found under both 20°C and 30°C. Based on q-q plots 
for TLF (Fig. 2.54), the MLM model used in GWAS appeared to be sufficient but slightly over-
estimating the likelihood of the detected associations.  
 
Internode number of first flower (INF) 
No significant SNP-trait association was found for INF under 20°C and RMDINF. However, 1 
SNP (ss715638203) on chr 20 was associated with INF under 30°C. There was also 1 SNP 
(ss715628036) on chr 17 significantly associated with SMDINF (Fig. 2.55). All SNPs were 
significant at FDR=0.10. Based on q-q plots for INF (Fig. 2.56), the MLM model used in GWAS 
appeared to be sufficient in estimating the likelihood of the detected associations. 
 
No. of internodes at flowering (NIF) 
A total of 26 significant SNPs were associated with NIF under 20°C where 25 SNPs were found 
on chr 6 and 1 SNP on chr 3. There were 5 significant SNP-trait associations under 30°C. These 
SNPs were distributed on 3 different chromosomes: one SNP each on chr 3 and 8, as well as 3 
SNPs on chr 11 (Fig. 2.57). All SNPs were significant at FDR=0.10 and were unique to their 
respective temperatures. Meanwhile, no significant association was found for SMDNIF and 
RMDNIF. Based on q-q plots for NIF (Fig. 2.58), the MLM model used in GWAS appeared to be 
sufficient but slightly over-estimating the likelihood of the detected associations. 
 
Plant height at flowering (PHF) 
No significant association was found between SNPs and PHF under 20°C and RMDPHF. 
However, there were 27 significant SNP-trait associations found under 30°C. Out of the total, 21 
SNPs were significant at FDR=0.05. All SNPs were distributed on 6 chromosomes across the 
genome:7 SNPs on chr 2, 15 SNPs on chr 11, 2 SNPs on chr 12 as well as 1 SNP each on chr 1, 3, 
and 13 (Fig. 2.59). In addition, there were 2 significant SNPs namely ss715581055 on chr 2 and 
ss715609342 on chr 11found to be associated with SMDPHF at FDR=0.05 and 0.10, respectively. 
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A cross-check among significant SNPs showed that 2 significant SNPs associated with SMDPHF 
were overlapping with PHF under 30°C. Interestingly, the association between SNP ss715581055 
and PHF under 30°C was highly significant at FDR=0.05, similar to SMDPHF. Based on q-q plots 
for PHF (Fig. 2.60), the MLM model used in GWAS appeared to be sufficient in estimating the 
likelihood of the detected associations. 
 
Days to seed set (DTS) 
In total, there were 48 SNPs significantly associated with DTS under 20°C with 11 and 37 SNPs 
significant at FDR=0.05 and 0.10 respectively. These SNPs were distributed on 5 chromosomes 
across the soybean genome: 44 SNPs on chr 6, and 1 SNP each on chr 2, 7, 13, and 19 (Fig. 2.61). 
There were 2 significant SNPs namely ss715595133 on chr 6 and ss715613225 on chr 12 found to 
be associated with DTS under 30°Cat FDR=0.05 and 0.10, respectively. No significant SNPs were 
detected for association with SMDDTS and RMDDTS. There were no overlapping between SNPs 
found under 20°C and 30°C, indicating that these SNPs are unique in their response for DTS under 
different temperatures. Based on q-q plots for DTS (Fig. 2.62), the MLM model used in GWAS 
appeared to be sufficient in estimating the likelihood of the detected associations with slightly 
over-estimation for DTS under 20°C. 
 
No. of pod at seed set (NPS) 
There were 5 SNPs significantly associated with NPS under 20°C with all SNPs found on chr 4. 
Three SNPs were also significantly associated with RMDNPS with 2 and 1 SNPs found on chr 9 
and 15, respectively (Fig. 2.63). The associations were significant at FDR=0.10 and redundant 
SNPs were not found. There was no SNP-trait association for NPS under 30°C and SMDNPS. 
Based on q-q plots for NPS (Fig. 2.64), the MLM model used in GWAS appeared to be sufficient 
in estimating the likelihood of the detected associations. 
 
No. of trifoliate leaf at seed set (TLS) 
A total of 15 SNP-trait associations were detected for TLS under 20°C. These SNPs were 
distributed on 6 chromosomes in the genome: 6 SNPs on chr 5, 3 SNPs on chr 10, 2 SNPs each on 
chr 11 and 12, as well as 1 SNP each on chr 2 and 15 (Fig. 2.65). In particular, one SNP 
(ss715612754) on chr 12 was significant at FDR=0.05. There were no significant associations 
55 
 
between SNPs and TLS under 30°C, SMDTLS, and RMDTLS. Based on q-q plots for TLS (Fig. 
2.66), the MLM model used in GWAS appeared to be sufficient in estimating the likelihood of the 
detected associations. 
 
Days to seed maturity (DTM) 
Based on the Manhattan plots in Fig. x, SNPs association with DTM under 20°C and 30°C as well 
as temperature response was not detected.  However, there were two redundant SNPs i.e.: 
ss715607382 and ss715607373 on chromosome 10 for SMDDTM and RMDDTM that were near 
to FDR=0.10 (Fig. 2.67). These two SNPs for SMDDFE had an FDR value of 0.36 while for 
RMDMDE the FDR ranged between 0.18 and 0.24. Similarly, nearby SNPs on chromosomes 6, 
18, and 19 for DTM under 20°C had an FDR value of 0.18. Based on q-q plots for DTM (Fig. 
2.68), the MLM model used in GWAS appeared to be sufficient in estimating the likelihood of 
associations detected (if any) for the trait. 
 
No. of mature pod at seed maturity (NPM) 
There was no significant SNPs association with NPM under 20°C and 30°C as well as temperature 
response. However, there were nearby SNPs observed for NPM under 30°C that could potentially 
be used as markers for the trait (Fig. 2.69). Six SNPs on chromosome 11 with an FDR=0.18 were 
close to the cut-off value for significance. Based on q-q plots for NPM (Fig. 2.70), the MLM model 
used in GWAS appeared to be sufficient in estimating the likelihood of associations detected (if 
any) for the trait. 
 
No. of trifoliate leaf at seed maturity (TLM) 
There were 31 significant SNPs associated with TLM under 20°C with 21 and 10 SNPs at 
FDR=0.05 and 0.10, respectively. These SNPs were distributed on 8 chromosomes in soybean 
genome: 3 SNPs on chr 2, 6 SNPs on chr 5, 2 SNPs on chr 10, 8 SNPs on chr 11, 9 SNPs on chr 
12, as well as 1 SNP each on chr 1, 4, and 8 (Fig. 2.71). No significant associations were detected 
for TLM under 30°C, SMDTLM, and RMDTLM. However, 11 SNPs on chromosomes 8, 9, 10, 
15, 17, and 19 with FDR=0.11can be potentially associated with TLM under 30°C. Similarly, two 
nearby SNPs on chr 10 for SMDTLM have an FDR=0.38 while three nearby SNPs on chr 6 for 
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RMDTLM have an FDR=0.27. Based on q-q plots for TLM (Fig. 2.72), the MLM model used in 
GWAS appeared to be sufficient in estimating the likelihood of the detected associations. 
 
No. of internodes at seed maturity (NIM) 
Only 1 SNP on chr 19 was significantly associated with NIM under 20°C (Fig. 2.73). There was 
no significant SNPs association with NIM under 30°C, SMDNIM, and RMDNIM. Based on q-q 
plots for NIM (Fig. 2.74), the MLM model used in GWAS appeared to be sufficient in estimating 
the likelihood of the detected associations. 
 
Plant height at seed maturity (PHM) 
While there were no significant associations between SNPs and PHM under 30°C, SMDPHM, and 
RMDPHM, three significant associations were detected for PHM under 20°C. These SNPs were 
distributed on chromosomes 12, 15 and 18 and significant at FDR=0.05 (Fig. 2.75). Based on q-q 
plots for PHM (Fig. 2.76), the MLM model used in GWAS appeared to be sufficient in estimating 
the likelihood of the detected associations. 
 
Last day to seed maturity (LDTM) 
There were 10 SNP-trait associations for LDTM under 20°C. 1 SNP was found on chr 17 while 
the rest on chr 19. All SNPs except for one was significant at FDR=0.05. Under 30°C, only one 
SNP (ss715635690) on chr 19 was significantly associated with LDTM at FDR=0.05(Fig. 2.77). 
This SNP was also found for LDTM under 20°C. For SMDLDTM and RMDLDTM, no significant 
marker-trait associations were detected. Based on q-q plots for LDTM (Fig. 2.78), the MLM model 
used in GWAS appeared to be sufficient in estimating the likelihood of the detected associations. 
 
Days from flowering to seed set (FTS) 
Two significant SNP-trait associations were detected for FTS under 30°C. SNPs ss715595133 and 
ss715613225 were significant at FDR=0.05 and were found on chr 6 and 12 in the soybean genome 
(Fig. 2.79). There were no significant associations between SNPs and FTS under 20°C, SMDFTS, 
and RMDFTS. Based on q-q plots for FTS (Fig. 2.80), the MLM model used in GWAS appeared 
to be sufficient in estimating the likelihood of the detected associations. 
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Days from seed set to seed maturity (STM) 
Based on the Manhattan plots in Fig. 2.81, no significant associations were found for STM under 
both temperatures, SMDSTM, and RMDSTM. However for STM under 30°C, two SNPs appeared 
close to the FDR=0.10 and can be potentially associated with the trait. These two SNPs located on 
chr 4 and 18 have an FDR=0.15 and 0.23, respectively. Based on q-q plots for STM (Fig. 2.82), 
the MLM model used in GWAS appeared to be sufficient in estimating the likelihood of 
associations detected (if any) for the trait. 
 
Days from flowering to seed maturity (FTM) 
There were 10 significant SNP-trait associations detected at FDR=0.10 for FTM under 20°C. 
These SNPs were distributed on 2 chromosomes in the genome: 1 SNPs on chr 8 and the remaining 
9 SNPs on chr 19 (Fig. 2.83). In addition, two SNPs found on chr 18 were significantly associated 
with SMDFTM. One particular SNP (ss715632951) was significant at FDR=0.05. No significant 
associations were found for FTM under 30°C and RMDFTM. The significant SNPs were unique 
to their respective traits. Based on q-q plots for FTM (Fig. 2.84), the MLM model used in GWAS 
appeared to be sufficient in estimating the likelihood of the detected associations. 
 
Days from first to last day of seed maturity (FTLDM) 
Only one SNP on chr 18 was significantly associated with SMDFTLDM at FDR=0.10 (Fig. 2.85). 
No significant associations were found for FTM under both temperatures and RMDFTM. 
However, 5 and 4 potential SNPs on chr 2 and 18, respectively can be potentially associated with 
FLTDM under 30°C. These SNPs have an FDR range between 0.14 and 0.18. Based on q-q plots 
for FTLDM (Fig. 2.86), the MLM model used in GWAS appeared to be sufficient in estimating 
the likelihood of the detected associations. 
 
Candidate gene prediction and annotation 
Based on GWAS results, a total of 348 significant SNP-trait associations were detected with 121 
and 247 SNPs significant at FDR=0.05 and 0.10, respectively. A cross-check across multiple traits 
was done to determine the exact no. of SNPs involved in these significant associations. There were 
105 and 174 SNPs involved in significant SNP-trait associations at FDR=0.05 and 0.10, 
respectively. The distribution of these significant SNPs across the genome is shown in Fig. 2.87. 
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Significant SNPs at FDR=0.05 were distributed on 13 different chromosomes in the soybean 
genome: 2 SNPs on chr 2, 22 SNPs on chr 2, 4 SNPs on chr 4, 6 SNPs on chr 5 and chr 18, 15 
SNPs on chr 6, 5 SNPs on chr 8, 18 SNPs on chr 11, 14 SNPs on chr 12, 3 SNPs on chr 17, 8 SNPs 
on chr 19, and 1 SNP each on chr 13 and 15. Meanwhile, significant SNPs at FDR=0.10 were 
distributed on all chromosomes in the soybean genome except for chr 1 where 13, 4, 7, 17, 54, 2, 
12, 3, 4, 12, 3, 4, 1, 2, 3, 9, 9, 14 and 1 SNPs were found on chr 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, and 20, respectively.   
 For candidate gene prediction and annotation, significant SNP-trait associations at 
FDR=0.05 were further screened based on their redundancy. Significant SNPs associated with 
multiple traits are highlighted in this study. In total, 16 SNPs significantly associated with multiple 
traits at FDR=0.05 were detected. Information on significant SNPs and their associated traits is 
presented in Table 2.43. These SNPs were distributed on 6 different chromosomes: 6 SNPs on chr 
2, 3 SNPs on chr 6 and chr 3, 3 SNPs on chr 18and 1 SNP each on chr 5 and 19.   
 Potential candidate genes and their annotated functions are listed in Table 2.44. For the 16 
SNPs that were significantly associated to multiple traits, a total of 88 genes from Soybase database 
were found within the region of the SNPs and can be considered as potential candidate genes: 8, 
6, 5, 8, 5, 6, 7, 4, 5, 15, 7, 6, 5, 9, 5 and 8 potential candidate genes were found for SNPs 
ss715581055, ss715581144, ss715581146, ss715581147, ss715581154, ss715581155, 
ss715590251, ss715593815, ss715593866, ss715595133, ss715609331, ss715609333, 
ss715609342, ss715629356, ss715632951 and ss715635690, respectively. In particular interest are 
14 candidate genes, including Glyma.02G130200, Glyma.02G130600, and Glyma.06G064700 
that have been reported to function for transmembrane transportation and homeostasis in 
Arabidopsis; Glyma.05G097300, Glyma.06G064800, Glyma.06G063500 and 
Glyma.19G222600 in relation to phytohormone signalling pathways; Glyma.19G223000 for seed 
enzymes; Glyma.19G223300 for functions related to stress induced cell death; as well as 
Glyma.02G123400, Glyma.06G065200 and Glyma.19G222900 with functions that suggest their 
roles in thermomorphogenesis.  
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2.4 Discussion 
Factors influencing variation in soybean seed emergence and plant growth 
Significant phenotypic variations for seed emergence and growth-related traits can be observed in 
the two association panels i.e. AP1 and AP2 grown under low and high temperature conditions. 
For seed emergence traits, variations in terms of temperature, room/location of trial, origin, and 
seed age were highly significant. The data obtained indicate that seed emergence is strongly 
dependent on environmental factors and associations from GWAS for seed emergence traits may 
or may not be due to genetic factors per se. In particular, seed age may have significantly 
contributed to the variations observed in the temperature trials. The seed age in the diversity panel 
ranged from 1 to 14 years old. This seed age range was based on the seed harvest year provided in 
the information packet of each genotype. It was clear that as seed age increased, the duration of 
seed emergence was longer under both temperatures (data not shown). In a seed germination study 
of Brassica napus, other factors such as conditions during seed production and storage as well as 
seed dormancy contributed to differences in germination performance (Hatzig et al., 2015). Since 
seed age was considered a major contributor to the variations observed in this study, new seed 
emergence trials have been established by using newly harvested seeds obtained from the growth 
trials in this study. The seed age was uniform across genotypes with a maximum of 2 year old 
seeds. It is expected that variations due to seed age would be insignificant and the GWAS results 
may validate previous associations found with seed emergence traits and/or identify new 
associations that are due to genetic factors regulating temperature response.  
In this study, variations of temperature, maturity group (MG), genotype within MG as well 
as temperature by genotype within MG interaction were found to be significant for growth-related 
traits. This indicates that the large variations for growth-related traits may be largely due to the 
genetic diversity that exists in the association panel. Diverse genotypes used in this growth 
represent different maturity groups. Studies have shown that soybean lines may show diverse 
sensitivity to photoperiod depending on their maturity groups. Photoperiod regulates the timing of 
flowering and subsequently affects other stages of development in soybean. Soybean is considered 
as a short-day plant because it flowers when photoperiod falls under the critical value.  
In this growth study, a long photoperiod of 14 hours light and 10 hours dark was maintained 
to take into account variations that may be due to plants sensitivity to temperature. It has been 
reported that the most extreme MGs 000 and IX are usually insensitive to photoperiod where other 
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factors such as temperature may affect flowering time. However, in the event of growing soybeans 
outside of their adapted regions, plants show difference in plant growth and produce less yield 
potential when compared to plants that are native to the environment. It is generally known that 
soybean belonging to early maturity groups tends to produce shorter plants with less yield potential 
when planted outside their adaptation regions. On the other hand, maturity groups VI and later 
tend to produce taller plants with longer flowering times when grown outside their adaptation 
regions.  
Interestingly, genotypes belonging to MG 000 in this study were found to be significantly 
taller than genotypes in other early MGs (MG 00 and 0), and even than MGs I, II, III at different 
growth stages under both temperature conditions (Table 2.23 and Table 2.31). This finding 
suggests that photoperiod may play a role in determining plant height in the early maturing 
genotypes. As previously mentioned, each MG may respond differently under varying 
photoperiod. The use of at least two different photoperiod lengths, i.e. short and long photoperiod, 
may help to address the effects of photoperiod sensitivity of diverse maturity groups in their 
phenotypic variation under low and high temperatures.  
The definition and measurements applied to the 18 growth-related traits in this project 
differ slightly from the standard plant descriptors available for soybean (IBPGR, 1984). In contrast 
to field measurements where a larger number of sample plants in a plot can be measured, our study 
utilized 15 seedlings and 3 plants for each seed emergence and growth-related temperature trials, 
respectively. Since traits were measured based on individual plants instead of a plot of plants, it 
was reasonable to consider that the traits measured in this study corresponds to traits measured 
under the standard vegetative (V) and reproductive (R) stages of soybean. Under field conditions, 
the days required to achieve pod development from the onset of flowering (stages R1 to R5) 
generally takes from 10 to 30 days depending on factors such as genotype and planting date. 
However, the significantly shorter duration was observed in MGs 000 and 00 for the corresponding 
trait (Table 2.33) in this study. This discrepancy may be due to the effects of temperature since 
variations of temperature was shown to be significant in this study. Also, due to the nature of self-
pollination, soybean plants flowering under controlled environment tend to be readily pollinated 
before flower openings by viable and mature pollens induced by temperature. This is further 
evident by observations made on soybean plants grown under low temperature tend to have closed 
flowers thus accelerating the pollination process and the subsequent development of seed pods.  
61 
 
Exploring the genetic basis of soybean seed emergence and plant growth 
Quantitative traits such as seed emergence and plant growth are controlled by multiple genes. 
Genome-wide association studies (GWAS) may offer high mapping resolution of the genomic 
polymorphisms affecting these quantitative traits. In this study, a total of 368 significant marker-
trait associations were identified using GWAS with 99% of those SNPs associated with growth-
related traits. Although temperature variation was significant for seed emergence traits in both AP1 
and AP2, only a small percentage of significant associations was identified in these traits. This 
may be due to the limited genetic variation across maturity groups that affects traits such as days 
to initial emergence and days to 50% emergence. An approach to estimate the extent of genotypic 
variation that contributes to phenotypic variation in seed emergence traits can be done by 
calculating heritability (h2). This approach has been applied in studying proportions of genotypic 
variation in growth period traits in soybean (Liu et al., 2016) and in seed germination traits in 
Brassica (Hatzig et al., 2015). In addition, approximately 2% of the significant marker-trait 
associations were related to temperature response and the remaining associations were found under 
individual temperature conditions.  
 The candidate gene prediction approach used in this study consists of two steps: selecting 
marker-trait associations with FDR= 0.05 and further narrowing by selecting significant SNPs that 
exhibited associations in multiple traits. This method successfully identified a total of 88 candidate 
genes within the region of the significant SNPs. However, this approach can be further improved 
by using linkage disequilibrium (LD) to delineate regions of interest around significantly 
associated SNP markers. It has been reported that LD decay in soybean genome is approximately 
500 kb. Therefore, taking into account the level of LD decay in the present diversity panel would 
strengthen the prediction of candidate genes in this study.  
 It is also interesting to highlight the identification of a candidate gene Glyma.19G222900 
found within 5 kbp of the SNP marker ss715635690 that was significantly associated with the trait 
days to maturity (Table 2.44). This candidate gene has annotated function in Arabidopsis; 
AT4G01630.1 as a member of Alpha-EXPANSIN gene family. It has been reported that 
EXPANSIN genes regulating auxin biosynthesis and cell elongation have been shown to be 
mediated by PIF4 under light and temperature conditions. Moreover, PIF4 has been known as the 
key regulator of plant response to high ambient temperature (Raschke et al., 2015; Sun et al., 2012). 
It may be useful to further validate this particular candidate gene through fine mapping study and 
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explore its potential as a genetic marker in breeding soybean for high ambient temperature 
tolerance. 
 
2.5 Conclusion 
Soybean seed emergence and plant growth are significantly affected by ambient temperature. 
GWAS performed on 4 seed emergence and 18 growth–related traits was able to identify 
significant SNP-trait associations in the diversity panel. Furthermore, possible candidate genes 
found in regions of the significant SNPs were related to the physiological mechanisms that plants 
undergo in response to temperature stress. Marker-trait associations found in this study may be 
used as a foundation for fine mapping of significant loci and to facilitate future marker-assisted 
selection in soybean breeding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
63 
 
2.6 References 
 
Abebe, T., Guenzi, A., Martin, B., & Cushman, J. (2003). Tolerance of mannitol-accumulating 
transgenic wheat to water stress and salinity. Plant Physiol., 131, 1748-1755. 
Agarwal, M., Hao, Y., Kapoor , A., Dong, C., Fujii , H., Zheng, X., & Zhu, J. (2006). A R2R3 
type MYB15 transcription factor is involved in the cold regulation of CBF genes and in 
acquired freezing tolerance. J Biol. Chem., 281, 37636-37645. 
Ainsworth, E., Davey, P., & Bernacchi, C. (2002). A meta-analysis of elevated CO2 effects on 
soybean (Glycine max) physiology, growth and yield. Global Change Biology, 8, 695-
709. 
Ait Barka , E., & Audran, J. (1997). Response of champenoise grapevine to low temperatures: 
Changes of shoot and bud proline concentrations in response to low temperatures and 
correlations with freezing tolerance. Journal of Horticultural Science, 72(4), 577-582. 
Albrecht, V., Weinl, S., Blazevic, D., D'Angelo, C., Batistic, O., Kolukisaoglu, U., . . . Kudla, J. 
(2003). The calcium sensor CBL1 integrates plant responses to abiotic stresses. Plant J., 
36, 457-470. 
Allen Jr., L., Baker, J., Jones, Jones, J., & Jones, P. (1988). Growth and yield of rice as affected 
by carbon dioxide concentration. Agron. Abs., 12. 
Allen, G., Muir, S., & Sanders, D. (1995). Release of Ca2+ from individual plant vacuoles by 
both InsP3 and cyclic ADP ribose. Science, 268, 735-737. 
Alm, D., Stoller, E., & Wax, L. (1993). An index model for predicting seed germination and 
emergence rates. Weed Technol., 7, 560-569. 
Arzani, A. (2008). Improving salinity tolerance in crop plants: A biotechnological view. In Vitro 
Cellular and Developmental Biology - Plant, 44(5), 373-383. 
Avksentyeva, O., & Zhmurko, V. (2014). Genes Ppd and Vrn as components of molecular 
genetic system of wheat regulation resistance (Triticum aestivum L.) to abiotic stress. In 
R. Gaur , & P. Sharma (Eds.), Molecular approaches in plant abiotic stress (pp. 1-19). 
Boca Raton, Florida: CRC Press. 
Bachlava, E., Dewey, R., Burton, J., & Cardinal, A. (2009). Mapping and comparison of 
quantitative trait loci for oleic acid seed content in two segregating soybean populations. 
Crop Science, 49(2), 433-442. 
64 
 
Bai, M., Fan, M., Oh, E., & Wang, Z. (2012). A triple helix-loop-helix/basic helix-loop-helix 
cascade controls cell elongation downstream of multiple hormonal and environmental 
signaling pathways in Arabidopsis. Plant Cell, 24, 4917-4929. 
Bailey-Serres, J., Lee, S., & Brinton, E. (2012). Waterproofing crops: Effective flooding survival 
strategies. Plant Physiol., 160, 1698-1709. 
Baker, J., Allen Jr., L., & Boote , K. (1989). Response of soybean to air temperature and CO2 
concentrations. Crop Sci., 29, 98-105. 
Balat, M. (2011). Potential alternatives to edible oils for biodiesel production – A review of 
current work. Energy Conversion and Management, 52(2), 1479–1492. 
Bandillo, N., Raghavan, C., Muyco, P., Sevilla, M., Lobina, I., & Dilla-Ermita, C. (2013). Multi-
parent advanced generation inter-cross (MAGIC) populations in rice: Progress and 
potential for genetics research and breeding. Rice, 6, 11. 
Banowetz, G., Ammar, K., & Chen, D. (1999). Temperature effects on cytokinin accumulation 
and kernel mass in dwarf wheat. Annals of Bot., 83, 303-307. 
Benedict, C., Geisler, M., Trygg, J., Huner, N., & Hurry, V. (2006). Consensus by democracy. 
Using meta-analyzes of microarray and genomic data to mode the cold acclimation 
signaling pathway in Arabidopsis. Plant Physiol., 141, 1219-1232. 
Bennett, R., Wenke, T., Freudenberg, B., Mellon, F., & Ludwig-Muller, J. (2005). The tu8 
mutation of Arabidopsis thaliana encoding a heterochromatin protein 1 homolog causes 
defects in the induction of secondary metabolite biosynthesis. Plant Biol, 7(4), 348-357. 
Bernard, R. L. (1971). Two major genes for time of flowering and maturity in soybeans. Crop 
Science, 11, 242-244. doi:10.2135/cropsci1971.0011183x001100020022x 
Bernardo-García, S., de Lucas, M., Martínez, C., Espinosa-Ruiz, A., Davière, J.-M., & Prat, S. 
(2014). BR-dependent phosphorylation modulates PIF4 transcriptional activity and 
shapes diurnal hypocotyl growth. Genes and Development, 28(15), 1681-1694. 
Bita, C., & Gerats, T. (2013). Plant tolerance to high temperature in a changing environment: 
Scientific fundamentals and production of heat stress-tolerant crops. Front. Plant Sci., 4, 
273. 
Bohnert, H., Ayoubi , P., Borchert, C., Bressan , R., & Burnap, R. (2001). A genomics approach 
towards salt stress tolerance. Plant Physiol. Biochem., 39, 295-311. 
65 
 
Bonato, E. R., & Vello, N. A. (1999). E6, a dominant gene conditioning early flowering and 
maturity in soybeans. l 22:. doi:. Genet Mol Biol, 22, 229–232. doi:10.1590/s1415-
47571999000200016 
Boote, K. (2011). Improving soybean cultivars for adaptation to climate change and climate 
variability. In S. Yadav, R. Redden, J. Hatfield, H. Lotze-Campen, & A. Hall (Eds.), 
Crop adaptation to climate change (1st ed., pp. 370-395). John Wiley & Sons, Ltd. 
Boote, K., Allen Jr., L., Prasad, P., Baker, J., Gesch, R., Snyder, A., . . . Thomas, J. (2005). 
Elevated temperature and CO2 impacts on pollinations, reproductive growth, and yield of 
several globally important crops. J. Agric. Meteorol., 60, 4690-474. 
Boote, K., Jones, J., & Batchelor, W. (2003). Genetic coefficients in the CROPGRO-soybean 
model: Links to field performance and genomics. Agron. J., 95, 32-51. 
Borthwick, H., & Parker, M. (1940). Floral initiation in Biloxi soybeans as influenced by age and 
position of leaf receiving photoperiodic treatment. Botanical Gazette, 101, 806-812. 
Bouche, N., Scharlat, A., Snedden, W., Bouchez, D., & Fromm, H. (2002). A novel family of 
calmodulin-binding transcription activators in multicellular organisms. J. Biol. Chem., 
277, 21851-21861. 
Boyer, J. (1982). Plant productivity and environment. Science, 218(4571), 443-448. 
Boyko, A., Blevins, T., Yao, Y., Golubov, A., Bilichak, A., Ilnytskyy, Y., . . . Kovalchuk, I. 
(2010). Transgenerational adaptation of Arabidopsis to stress requires DNA methylation 
and the function of Dicer-like proteins. PLoS ONE, 5(3), e9514. 
Bray, E. A., Bailey-Serres, J., & Weretilnyk, E. (2000). Responses to abiotic stresses. In B. 
Buchanan, W. Gruissem, & R. Jones (Eds.), Biochemistry and Molecular Biology of 
Plants (p. 1160). American Society of Plant Physiologists. 
Britz, S., & Kremer, D. (2002). Warm temperatures or drought during seed maturation increase 
free alpha-tocopherol in seeds of soybean (Glycine max [L.] Merr.). J. Agric. Food 
Chem., 50, 6058-6063. 
Burris, J., Edje, O., & Wahab, A. (1973). Effects of seed size on seedling performance in 
soybeans: II. Seedling growth and photosynthesis and field performance. Crop Sci., 13, 
207-210. 
Butler, T., Celen, A., Webb, S., Krstic, D., & Interrante, S. (2014). Temperature affects the 
germination of forage legume seeds. Crop Sci., 54, 2846-2853. 
66 
 
Buzzell, R. (1971). Inheritance of a soybean flowering response to fluorescent-day length 
conditions. Can J Genet Cytol, 7, 703-707. 
Buzzell, R., & Voldeng, H. (1980). Inheritance of insensitivity to long daylength. Soybean 
Genet. Newsl., 7, 26-29. 
Campbell, W., Allen Jr., L., & Bowes, G. (1990). Response of soybean canopy photosynthesis to 
CO2 concentration, light, and temperature. J. of Exp. Bot., 41, 427-433. 
Catala, R., Ouyang, J., Abreu, I., Hu, Y., Seo, H., Zhang, X., & Chua, N. (2007). The 
Arabidopsis E3 SUMO ligase SIZ1 regulates plant growth and drought responses. Plant 
Cell, 19, 2952-2966. 
Cavanaugh, C., Morell, M., Mackay, L., & Powell, W. (2008). From mutations to MAGIC: 
Resources for gene discovery, validation, and delivery in crop plants. Current Opinion in 
Plant Biology, 11, 215-221. 
CGIAR. (2007). Retrieved from http://www.cgiar.org/impact/ 
global/cc_mappingthemenace.html 
Chaves, M., Flexas, J., & Pinheiro, C. (2009). Photoysynthesis under drought and salt stress: 
Regulation mechanisms from whole plant to cell. Annals of Bot., 103, 551-560. 
Chen, X., Xie, H., & Li, X. (1996). Studies on correlationship of development stages and 
agronomic traits of summer sowing soybean. Mol Plant Breed, 2, 247-252. 
Cheng, H., Yang, H., Zhang, D., Gai, J., & Yu, D. (2010). Polymorphisms of soybean isoflavone 
synthase and flavanone 3-hydroxylase genes are associated with soybean mosaic virus 
resistance. Molecular Breeding, 25(1), 13-24. 
Cheong , Y., Kim, K., Pandey, G., Gupta, R., Grant, J., & Luan, S. (2003). CBL1, a calcium 
sensor that differentially regulates salt, drought, and cold responses in Arabidopsis. Plant 
Cell, 15, 1833-1845. 
Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B., Hong, X., Agarwal, M., & Zhu, J. (2003). ICE1: 
A regulator of cold-induced transcriptome and freezing tolerance in Arabidopsis. Genes 
Dev., 17, 1043-1054. 
Choi, D., Rodriguez, E., & Close , T. (2002). Barley cbf3 gene identification, expression pattern, 
and map location. Plant Physiol., 129, 1781-1787. 
Choi, H., Hong, J., Ha, J., Kang, J., & Kim, S. (2000). ABFs, a family of ABA-responsive 
element binding factors. J. Biol. Chem., 275(3), 1723-1730. 
67 
 
Clement, M., Leonhardt, N., Droillard, M., Reiter, I., Montillet, J., Genty , B., . . . Noel, L. 
(2011). The cytosolic/nuclear HSC70 and HSP90 molecular chaperones are important for 
stomatal closure and modulate abscisic acid-dependant physiological responses in 
Arabidopsis. Plant Physiol., 156, 1481-1492. 
Cober, E. R., & Voldeng, H. D. (2001). A new soybean maturity and photoperiod-sensitivity 
locus linked to E1 and T. 41: . doi:. Crop Sci., 41, 698–701. 
doi:10.2135/cropsci2001.413698x 
Cober, E. R., Molnar, S. J., Charette, M., & Voldeng , H. D. (2010). A new locus for early 
maturity in soybean. 50: . doi:. Crop Sci, 50, 524–527. doi:10.2135/cropsci2009.04.0174 
Cober, E., & Morrison, M. (2010). Regulation of seed yield and agronomic characters by 
photoperiod sensitivity and growth habit genes in soybean. Theor Appl Genet., 120, 
1005–1012. 
Cober, E., & Voldeng, H. (2001). A new soybean maturity and photoperiod-sensitivity locus 
linked to E1 and T. Crop Sci, 41, 698–701. 
Conti, L., Price, G., O'Donnell, E., Schwessinger, B., Dominy, P., & Sadanandom, A. (2008). 
Small ubiquitin-like modifier proteases OVERLY TOLERANT TO SALT1 and -2 
regulate salt stress responses in Arabidopsis. Plant Cell, 20, 2894-2908. 
Cook, D., Fowler, S., Fiehn, O., & Thomashow, M. (2004). A prominent role for the CBF cold 
response pathway in configuring the low-temperature metabolome of Arabidopsis. Proc. 
Natl. Acad. Sci., 101, 15243-15248. 
D'Angelo, C., Weinl, S., Batistic , O., Pandey, G., Cheong, Y., Schultke, S., . . . Kudla, J. (2006). 
Alternative complex formation of the Ca2+-regulated protein kinase CIPK1 controls 
abscisic acid-dependent and independent stress responses in Arabidopsis. Plant J., 48, 
857-872. 
de Azevedo Neto, A., & da Silva, E. (2014). Physiology and biochemistry of salt stress tolerance 
in plants. In U. Chakraborty, & B. Chakraborty (Eds.), Abiotic stresses in crop plants (pp. 
81-101). Oxfordshire: CAB International. 
Delker, C., Pöschschl, Y., Raschke, A., Ullrich, K., Ettingshausen, S., Hauptmann, V., . . . Quint, 
M. (2010). Natural variation of transcriptional auxin response netwroks in Arabidopsis 
thaliana. Plant Cell, 22, 2184-2200. 
68 
 
Delker, C., Sonntag, L., James, G., Janitza, P., Ibanez, C., Ziermann, H., . . . Quint, M. (2014). 
The DET1-COP1-HY5 oathway constitutes a multipurpose signaling module regulating 
plant photomorphogenesis and thermomorphogenesis. Cell Rep, 9, 1983-1989. 
Desikan, R., Mackerness, S., Hancock, J., & Neill, S. (2001). Regulation of the Arabidopsis 
transcriptome by oxidative stress. Plant Physiol., 127, 159-172. 
Dornbos, D., & Mullen, R. (1991). Influence of stress during soybean seed fill on seed weight, 
germination, and seedling growth rate. Can. J. Plant Sci., 71, 373-383. 
Dornbos, D., Mullen, L., & Shibles, R. (1989). Drought stress effects during seed fill on soybean 
seed germination and vigor. Crop Sci., 29, 476-480. 
Earl, D., & vonHoldt, B. (2012). STRUCTURE HARVESTER: A website and program for 
visualizing STRUCTURE output and implementing the Evanno method. Conservation 
Genetics Resources, 4(2), 359-361. 
Edwards, D., & Gupta, P. (2013). Sequence based DNA markers and genotyping for cereal 
genomics and breeding. In P. Gupta, & R. Vershney (Eds.), Cereal genomics II (pp. 57-
76). Springer. 
Egli , D., & Wardlaw, I. (1980). Temperature response of seed growth characteristics of 
soybeans. Agron. J., 72, 560-564. 
Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals 
using the software STRUCTURE: a simulation study. Mol. Ecol., 14, 2611-2620. 
FAOSTAT. (2014). Production, Crops, Soybean, 2014 data. Food and Agriculture Organization. 
Feder, M., & Hoffmann, G. (1999). Heat-shock proteins, molecular chaperones, and the stress 
response: Evolutionary and ecological physiology. Annual Rev. of Physiol., 61, 243-282. 
Fehr, W., & Caviness, C. (1977). Stages of soybean development. Cooperative Extension 
Service, Agriculture & Home Economics. Ames, Iowa: Iowa State University. 
Fehr, W., Burris, J., & Gilman, D. (1973). Soybean emergence under field conditions. Agron. J., 
65, 740-742. 
Flowers, T. (2004). Improving crops salt tolerance. J. Exp. Bot., 55(396), 307-319. 
Fowler, S., & Thomashow, M. (2002). Arabidopsis transcriptome profiling indicates that 
multiple regulatory pathways are activated during cold acclimation in addition to the CBF 
cold response pathway. Plant Cell, 14, 1675-1690. 
69 
 
Frova, C., & Sari-Gorla, M. (1994). Quantitative trait loci (QTLs) for pollen thermotolerance 
detected in maize. Mol. Genet. Genom., 245, 424-430. 
Gai, J., Chen, L., Zhang, Y., Zhao, T., Xing, G., & Xing, H. (2011). Genome-wide genetic 
dissection of germplasm resources and implications for breeding by design in soybean. 
Breeding Science, 61(5), 495-510. 
Garg, A., Kim, J., Owens, T., Ranwala , A., Choi, Y., Kochian, L., & Wu, R. (2002). Trehalose 
accumulation in rice plants confers high tolerance levels to different abiotic stresses. 
Proc. Natl. Acad. Sci, 99, 15898-15903. 
Gibson, L., & Mullen, R. (1996). Soybean seed quality reductions by high day and night 
temperature. Crop Sci., 36, 1615-1619. 
Gould, P., Locke, J., Larue, C., Southern, M., Davis, S., Hanano, S., . . . Hall, A. (2006). The 
molecular basis of temperature compensation in the Arabidopsis circadian clock. Plant 
Cell, 18(5), 1177-1187. 
Gray, W., Ostin, A., Sandberg, G., Romano, C., & Estelle, M. (1998). High temperature 
promotes auxin-mediated hypocotyl elongation in Arabidopsis. Proc Natl Acad Sci, 95, 
7197-7202. 
Green, D., Pinnell , E., Cavanah, L., & Williams, L. (1963). Effect of planting date and maturity 
date on soybean seed quality. Agron. J., 57, 165-168. 
Green, D., Pinnell, E., Cavanah, L., & Williams, L. (1965). Effect of planting date and maturity 
on soybean seed quality. Agron. J., 57, 165-168. 
Guo, J., Wang, Y., Song, C., Zhou, J., Qiu, L., Huang, H., & Wang, Y. (2010). A single origin 
and moderate bottleneck during domestication of soybean (Glycine max): implications 
from microsatellites and nucleotide sequences. Annals of Botany, 106, 505-514. 
doi:10.1093/aob/mcq125 
Guo, R., Yu, F., Gao, Z., An, H., Cao, X., & Guo, X. (2011). GhWRKY3, a novel cotton 
(Gossypium hirsitum L.) WRKY gene, is involved in diverse stress responses. Mol. Biol. 
Rep., 38, 49-58. 
Gupta, D., & Singh, A. (2014). Metabolomics and its role in study of plant abiotic stress 
responses. In R. Gaur, & P. Sharma (Eds.), Molecular approaches in plant abiotic stress 
(pp. 130-140). Boca Raton, Florida: CRC Press. 
70 
 
Gupta, O., & Sharma, P. (2014). Potential role of small RNAs during stress in plants. In R. Gaur, 
& P. Sharma (Eds.), Molecular approaches in plant abiotic stress (pp. 67-89). Boca 
Raton, Florida: CRC Press. 
Gupta, P., Kulwal, P., & Jaiswal, V. (2014). Association mapping in crop plants: Opportunities 
and challenges. Adv. Genet., 85, 109-147. 
Hadas, A., & Russo, D. (1974). Water uptake by seed as affected by water stress, capillary 
conductivity, and seed-soil water contact: I Experimental study. Agron. J., 66, 643-647. 
Hammer , G., Dong, Z., McLean , G., Doherty, A., Messina , C., Paszkiewicz, S., & Cooper , M. 
(2009). Can changes in canopy and/or root system architecture explain historical maize 
yield trends in the US corn belt? Crop Science, 49, 299-312. 
Hannah, M., Heyer, A., & Hincha, D. (2005). A global survey of gene regulation during cold 
acclimation in Arabidopsis thaliana. PLoS Genet., 1, e26. 
Hanzawa, T., Shibasaki, K., Numata, T., Kawamura, Y., Gaude, T., & Rahman, A. (2013). 
Cellular auxin homeostasis under high temperature is regulated through a SORTING 
NEXIN1-dependent endosomal trafficking pathway. Plant Cell, 25(9), 3424-3433. 
Hao, D., Cheng, H., Yin, Z., Cui, S., Zhang, D., Wang, H., & Yu, D. (2012). Identification of 
single nucleotide polymorphisms and haplotypes associated with yield and yield 
components in soybean (Glycine max) landraces across multiple environments. 
Theoretical and Applied Genetics, 124(3), 447-458. 
Hara, M., Terashima, S., Fukaya, T., & Kuboi, T. (2003). Enhancement of cold tolerance and 
inhibition of lipid peroxidation by citrus dehydrin in transgenic tobacco. Planta, 217, 
290-298. 
Hatfeld, J., & Egli, D. (1974). Effect of temperature in the rate of soybean hypocotyl elongation 
and field emergence. Crop Sci., 14, 423-426. 
Hatfield, J., Boote, K., & Fay, P. (2008). Agriculture. U.S. Climate Change Science Program and 
the Sub-committee on Global Change Research, Washington DC. 
Hatzig, S., Frisch, M., Breuer, F., Nesi, N., Ducournau, S., Wagner, M.-H., . . . Snowdon, R. 
(2015). Genome-wide association mapping unravels the genetic control of seed 
germination and vigor in Brassica napus. Front. Plant Sci., 6, Article 221. 
Helms, T., Deckard, E., & Gregoire, P. (1997). Corn, sunflower, and soybean emergence 
influenced by soil temperature and soil water content. Agron. J., 89, 59-63. 
71 
 
Helms, T., Deckard, E., Goos, R., & Enz, J. (1996). Soybean seedling emergence influenced by 
days of soil water stress and soil temperature. Agron. J., 88, 657-661. 
Hesketh, J., Myhre, D., & Willey, C. (1973). Temperature control of time intervals between 
vegetative and reproductive events in soybean. Crop Sci., 13, 250-254. 
Hill, H., West, S., & Hinson, K. (1986). Effect of water stress during seed fill on impermeable 
seed expression in soybean. Crop Sci., 26, 807-812. 
Hincha, D., Zuther, E., Hundertmark, M., & Heyer, A. (2006). The role of compatible solutes in 
plant freezing tolerance: A case study on raffinose. In T. Chen, M. Uemura, S. Fujikawa, 
T. Chen, M. Uemura, & S. Fujikawa (Eds.), Cold Hardiness in Plants: Molecular 
Genetics, Cell Biology, and Physiology (pp. 203-218). Cambridge: CABI Publishing. 
Hirota, T., Sayama, T., Yamasaki, M., Sasama, H., Sugimoto, T., Ishimoto, M., & Yoshida, S. 
(2012). Diversity and population structure of black soybean landraces originating from 
Tanba and neighboring regions. Breeding Science, 61, 593-601. doi:10.1270/jsbbs.61.593 
Hobbs, P., & Obendorf, R. (1972). Interaction of initial seed moisture and imbibitional 
temperature of germination and productivity of soybean. Crop Sci., 12, 664-667. 
Hong, S., Lee, U., & Vierling, E. (2003). Arabidopsis hot mutants define multiple functions 
required for acclimation to high temperatures. Plant Physiol., 132, 757-767. 
Hou, A., Chen, P., Alloati, J., Li, L., Mozzoni, L., Zhang, B., & Shi, A. (2009). Genetic 
variability of seed sugar content in worldwide soybean germplasm collections. Crop Sci, 
49, 903-912. 
Hou, J., Wang, C., Hong, X., Zhao, J., Xue, C., Guo, N., . . . Xing, H. (2011). Association 
analysis of vegetable soybean quality traits with SSR markers. Plant Breeding, 130(4), 
444-449. 
Houde, M., Dallaire, S., N'Dong, D., & Sarhan , F. (2004). Overexpression of the acidic dehydrin 
WCOR410 improves freezing tolerance in transgenic strawberry leaves. Plant Biotech. J., 
2, 381-387. 
Howell, R. (1960). Physiology of the soybean. In A. Norman (Ed.), Advances in Agronomy (pp. 
265-310). New York: Academic Press. 
Hoy , D., & Gamble , E. (1985). The effects of seed size and seed density on germination and 
vigor in soybean, Glycine max (L.). Can. J. Plant Sci., 65, 1-8. 
72 
 
Hu, Z., Zhang, H., Kan, G., Ma, D., Zhang, D., Shi, G., . . . Yu, D. (2013). Determination of the 
genetic architecture of seed size and shape via linkage and association analysis in 
soybean (Glycine max L. Merr.). Genetica, 141, 247-254. 
Huang, B., George, A., Forrest , K., Kilian, A., Hayden, M., & Morell, M. (2012). A multiparent 
advanced generation inter-cross population for genetic analysis in wheat. Plant 
Biotechnology Journal, 10, 826-839. 
Huang, G., Ma, J., Han, Y., Chen, X., & Fu, Y. (2011). Cloning and expression analysis of the 
soybean CO-like gene GmCOL9. Plant Mol Biol Rep, 29, 352–359. doi:10.1007/s11105-
010-0240-y 
Hummel, I., Bourdais , G., Gouesbet, G., Couee, I., Malmberg, R., & El Amrani, A. (2004). 
Differential gene expression of arginine decarboxylase ADC1 and ADC2 in Arabidopsis 
thaliana: Characterization of transcriptional regulation during seed germination and 
seedling development. New Phytologist, 163(3), 519-531. 
Hunter, J., & Erickson, A. (1952). Relation of seed germination to soil moisture tension. Agron. 
J., 44, 107-109. 
Huxley, P., Summerfield, R., & Hughes, P. (1976). Growth and development of soybean cv. TK5 
as affected by tropical daylengths, day/night temperatures and nitrogen nutrition. Annals 
of Applied Biology, 82, 117-133. 
International Board for Plant Genetic Resources. (1984). Descriptors for soybean. Rome, Italy: 
IBPGR Secretariat. 
IPCC. (2007). Climate Change 2007. In R. Pachauri, & A. Reisinger (Eds.), Synthesis Report. 
Contribution of Working Groups I, II and III to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change (p. 104 pp). Geneva, Switzerland: IPCC. 
Iquira, E., Humira, S., & Francois, B. (2015). Association mapping of QTLs for sclerotinia stem 
rot resistance in a collection of soybean plant introductions using a genotyping by 
sequencing (GBS) approach. BMC Plant Biology, 15(1), Article number 5. 
Ivey, R., Subramaniam , C., & Bruce , B. (2000). Identification of a HSP70 recognition domain 
within the rubisco small subunit transit peptide. Plant Physiol., 122, 1289-1299. 
Jaglo, K., Kleff, S., Amundsen, K., Zhang, X., Haake, V., Zhang, J., . . . Thomashow, M. (2001). 
Components of the Arabidopsis CBF cold-response pathway are conserved in Brassica 
napus and other plant species. Plant Physiol., 127, 910-917. 
73 
 
Jang, I., Oh, S., Seo, J., Choi, W., Song, S., Kim, C., . . . Nahm, B. (2003). Expression of a 
bifunctional fusion of the Escherichia coli genes for trehalose-6-phosphate synthase and 
trehalose-6-phoshate phosphatase in transgenic rice plants increases trehalose 
accumulation and abiotic stress tolerance without stunting growth. Plant Physiol., 131, 
516-524. 
Janska , A., Marsik, P., Zelenkova , S., & Ovesna, J. (2009). Cold stress and acclimation - what 
is important for metabolic adjustment. Plant Biology, 12(3), 395-405. 
Jia, H., Jiang, B., Wu, C., Lu, W., Hou, W., Sun, S., . . . Han, T. (2014). Maturity group 
classification and maturity locus genotyping of early-maturing soybean varieties from 
high-latitude cold regions. PLoS ONE, 9(4), e94139. doi:10.1371/journal.pone.0094139 
Jin , Y., He, T., & Lu, B. (2006). Genetic spatial clustering: significant implications for 
conservation of wild soybean (Glycine soja: Fabaceae). Genetics, 128, 41-49. 
Jones, P., Allen Jr., L., & Jones, J. (1985). Photosynthesis and transpiration responses of soybean 
canopies to short- and long-term CO2 treatments. Agron. J., 77, 119-126. 
Kaga, A., Shimizu, T., Watanabe, S., Tsubokura, Y., Katayose, Y., Harada, K., . . . Tomooka, N. 
(2012). Evaluation of soybean germplasm conserved in NIAS genebank and development 
of mini core collections. Breeding Science(61), 566-592. doi:10.1270/jsbbs.61.566 
Kaplan, F., & Guy, C. (2004). Beta-amylase induction and the protective role of maltose during 
temperature shock. Plant Physiol., 135, 1674-1684. 
Kaplan, F., Kopka, J., Haskell, D., Zhao, W., Schiller, K., Gatzke, N., . . . Guy, C. (2004). 
Exploring the temperature-stress metabolome of Arabidopsis. Plant Physiol., 136, 4159-
4168. 
Keigley, P., & Mullen, R. (1986). Changes in soybean seed quality from high temperature during 
seed fill and maturation. Crop Sci., 26, 1212-1216. 
Kiegle, E., Moore , C., Haseloff, J., Tester, M., & Knight, M. (2000). Cell-type-specific calcium 
responses to drought, salt, and cold in the Arabidopsis root. Plant Journal, 23(2), 267-
278. 
Kim, J., Lee, S., Cheong, Y., Yoo, C., Lee, S., Chun, H., . . . Cho, M. (2001). A novel cold-
inducible zinc finger protein from soybean, SCOF-1, enhances cold tolerance in 
transgenic plants. Plant J., 25(3), 247-259. 
74 
 
Kim, K., Cheong, Y., Grant, J., Pandey, G., & Luan, S. (2003). CIPK3, a calcium sensor-
associated protein kinase that regulates abscisic acid and cold signal transduction in 
Arabidopsis. Plant Cell, 15, 411-423. 
Kimball, B. (1983). Carbon dioxide and agricultural yield: An assemblage and analysis of 430 
prior observations. Agron. J., 75, 779-788. 
King, K., Peiffer, G., Reddy, M., Lauter, N., Lin, S., Cianzio, S., & Shoemaker, R. (2013). 
Mapping of iron and zinc quantitative trait loci in soybean for association to iron 
deficiency chlorosis resistance. Journal of Plant Nutrition, 36(14), 2132-2153. 
Knight, H., Brandt , S., & Knight , M. (1998). A history of stress alters drought calcium 
signalling pathways in Arabidopsis. Plant Journal, 16, 681-687. 
Koini, M., Alvey, L., Allen, T., Harberd, N., Whitelam, G., & Franklin, K. (2009). High 
temperature-mediated adaptations plant architecture require then bHLH transcription 
factor PIF4. Cuur. Biol., 19, 408-413. 
Kong, F., Nan, H., Cao, D., Li, Y., Wu , F., & Wang, J. (2014). A new dominant gene E9 
conditions early flowering and maturity in soybean. Crop Sci, 54, 1-7. 
Korir, P., Zhang, J., Wu, K., Zhao, T., & Gai, J. (2013). Association mapping combined with 
linkage analysis for aluminum tolerance among soybean cultivars released in Yellow and 
Changjiang River Valleys in China. Theoretical and Applied Genetics, 126(6), 1659-
1675. 
Kover, P., Valdar, W., Trakalo, J., Scarcelli, N., Ehrenreich, I., Purugganan, M., . . . Mott, R. 
(2009). A multiparent advanced generation inter-cross to fine-map quantitative traits in 
Arabidopsis thaliana. PLoS Genet., 5, e1000551. 
Kovtun, Y., Chiu, W., Tena, G., & Sheen, J. (2000). Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants. Proc. Natl. Acad. Sci. USA, 
97(6), 2940-2945. 
Krasensky, J., & Jonak, C. (2011). Drought, salt, and temperature stress-induced metabolic 
rearrangement and regulatory network. Journal of Experimental Botany, 1-16. 
Kreps, J., Wu , Y., Chang, H., Zhu, T., Wang, X., & Harper , J. (2002). Transcriptome changes 
for Arabidopsis in response to salt, osmotic, and cold stress. Plant Physiol., 130, 2129-
2141. 
75 
 
Kubien, D., von Caemmerer, S., Furbank, R., & Sage, R. (2003). C4 photosynthesis at low 
temperature. A study using transgenic plants with reduced amounts of rubisco. Plant 
Physiol., 132, 1577-1585. 
Kunihiro, A., Yamashino, T., Nakamichi, N., Niwa, Y., Nakanishi, H., & Mizuno, T. (2011). 
PHYTOCHROME-INTERACTING FACTOR 4 and 5 (PIF4 and PIF5) activate the 
Homeobox ATHB2 and auxin-inducible IAA29 genes in the coincidence mechanism 
underlying photoperiodic control of plant growth of Arabidopsis thaliana. Plant and Cell 
Physiol, 52(8), 1315-1329. 
Kurepa, J., Walker, J., Smalle, J., Gosink, M., Davis, S., Durham, T., . . . Vierstra, R. (2003). The 
small ubiquitin-like modifier (SUMO) protein modification system in Arabidopsis. 
Accumulation of SUMO1 and -2 conjugates is increased by stress. J. Biol. Chem., 278, 
6862-6872. 
Lane , A., & Jarvis, A. (2007). Changes in climate will modify that geography of crop suitability: 
Agricultural biodiversity can help with adaptation. Open Access J., 4, 1. 
Lang, V., & Palva, E. (1992). The expression of a rab-related gene, rab18, is induced by abscisic 
acid during the cold acclimation process of Arabidopsis thaliana (L.) Heynh. Plant 
Molecular Biology, 20, 951-962. 
Larcher, W. (2003). Physiological plant ecology: Ecophysiology and stress physiology of 
functional groups (4th ed.). New York: Verlag Berlin Heidelberg. 
Larkindale , J., Hall, J., Knight, M., & Vierling, E. (2005). Heat stress phenotypes of Arabidopsis 
mutants implicate multiple signaling pathways in the acquisition of thermotolerance. 
Plant Physiol., 138, 882-897. 
Larkindale, J., & Huang, B. (2004). Thermotolerance and antioxidant system in Agrostis 
stolonifera: Involvement of salicylic acid, abscisic acid, calcium, hydrogen peroxide, and 
ethylene. J. Plant Physiol., 161, 405-413. 
Lee, B., Henderson , D., & Zhu, J. (2005). The Arabidopsis cold-responsive transcriptome and 
its regulation by ICE1. Plant Cell, 17, 3155-3175. 
Lee, H., Guo, Y., Ohta, M., Xiong, L., Stevenson, B., & Zhu, J. (2002). LOS2, a genetic locus 
required for cold responsive gene transcription encodes a bi-functional enolase. EMBO, 
21, 2692-2702. 
76 
 
Lee, J.-D., Vuong, T. D., Moon, H., Yu, J.-K., Nelson, R. L., Nguyen, H. T., & Shannon, G. J. 
(2011). Genetic diversity and population structure of Korean and Chinese soybean 
[Glycine max (L.) Merr.] accessions. Crop Science, 51, 1080-1088. 
doi:10.2135/cropsci2010.07.0420 
Levitt, J. (1980). Responses of plants to environmental stresses: Chilling, freezing and high 
temperature stress. New York: Academic Press. 
Li, C., Junttila, O., Heina, P., & Palva, E. (2003). Different responses of northern and southern 
ecotypes of Betula pendula to exogenous ABA application. Tree Physiol., 23, 481-487. 
Li, Y.-H., Li, W., Zhang, C., Yang, L., Chang, R.-Z., Gaut, B. S., & Qiu, L.-J. (2010). Genetic 
diversity in domesticated soybean (Glycine max) and its wild progenitor (Glycine soja) 
for simple sequence repeat and single-nucleotide polymorphism loci. New Phytologist, 
188, 242-253. doi:10.1111/j.1469-8137.2010.03344.x 
Liao, Y., Zou, H., Wei, W., Hao, Y., Tian, A., Huang, J., . . . Chen, S. (2008). Soybean 
GmbZIP44, GmbZIP62, and GmbZIP78 genes function as negative regulator of ABA 
signaling and confer salt and freezing tolerance in transgenic Arabidopsis. Planta, 
228(16), 225-240. 
Lin, B., Wang, J., Liu, H., Chen, R., Meyer, Y., Barakat, A., & Delseny, M. (2001). Genomic 
analysis of the HSP70 superfamily in Arabidopsis thaliana. Cell Stress Chaperones, 6, 
201-208. 
Lin, H., Lo, H., Lee, S., Kuo, G., Chen, J., & Yeh, W. (2006). RAPD markers for the 
identification of yield traits in tomatoes under heat stress via bulked segregant analysis. 
Hereditas, 143, 142-154. 
Liu, B., Kanazawa, A., Matsumura, H., Takahashi, R., & Harada, K. (2008). Genetic redundancy 
in soybean photoresponses associated with duplication of the phytochrome A gene. 
Genetics, 180, 995–1007. doi:10.1534/genetics.108.092742 
Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Kyamaguchi-Shinozaki, K., & Shinozaki, 
K. (1998). Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA 
binding domain, separate two cellular signal transduction pathways in drought- and low 
temperature responsive gene expression, respectively, in Arabidopsis. Plant Cell, 10, 
1391-1406. 
77 
 
Liu, W., Kim, M. Y., Kang, Y. J., Van, K., Lee, Y.-H., Srinives, P., . . . Lee, S.-H. (2011). QTL 
identification of flowering time at three different latitudes reveals homeologous genomic 
regions that control flowering in soybean. Theoretical and Applied Genetics, 123, 545-
553. doi:10.1007/s00122-011-1606-8 
Liu, Z., Li, H., Fan, X., Huang, W., Yang, J., Li, C., . . . Qiu, L.-J. (2016). Phenotypic 
characterization and genetic dissection of growth period traits in soybean (Glycine max) 
using association mapping. PLoS ONE, 11(7), e0158602. 
Lorrain, S., Allen, T., Duek, P., Whitelam, G., & Fankhauser, C. (2008). Phytochrome-mediated 
inhibition of shade avoidance involves degradation of growth-promoting bHLH 
transcription factors. Plant Journal, 53(2), 312-323. 
Luan, S., Kudla, J., Rodriguez-Concepcion, M., Yalovsky, S., & Gruiessem, W. (2002). 
Calmodulins and calcineurin B-like proteins: Calcium sensors for specific signal response 
coupling in plants. Plant Cell, 14, S389-S400. 
LV, D., Bai, X., Li, Y., Ding, X., Ge, Y., & Cai, H. (2010). Profiling of cold-stress-responsive 
miRNAs in rice by microarrays. Gene, 459(1-2), 39-47. 
Madanzi, T., Chiduza, C., & Richardson-Kageler, S. (2010). Effects of planting method and seed 
size on stand establishment of soybean [Glycine max (L.) Merrill cv. Solitaire. Soil & 
Tillage Res., 106, 171-176. 
Mantayla, E., Lang, V., & Palva, E. (1995). Role of abscisic acid in drought-induced freezing 
tolerance, cold acclimation, and accumulation of LT178 and RAB18 proteins in 
Arabidopsis thaliana. Plant Physiol., 107, 141-148. 
McBlain, B. A., & Bernard, R. L. (1987). A new gene affecting the time of flowering and 
maturity in soybeans. Journal of Heredity, 78, 160-162. 
McBlain, B., & Bernard, R. (1987). A new gene affecting the time of flowering and maturity in 
soybeans. J. Hered., 78, 160-162. 
Millenaar, F., Cox, M., De Jong Van Berkel, Y., Welschen, R., Pierik, R., Voesenek, L., & 
Peeters, A. (2005). Ethylene-induced differential growth of petiles in Arabidopsis: 
analyzing natural variation, response kinetics, and regulation. Plant Physiol., 137, 998-
1008. 
Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends in Plant 
Science, 11(1), 15-19. 
78 
 
Mittler, R., Vanderuwera, S., Gollery, M., & Van Breusegem, F. (2004). Reactive oxygen gene 
network of plants. Trends in Plant Sci., 9, 490-498. 
Miura, K., Jin, J., Lee, J., Yoo, C., Stirm, V., Miura, T., . . . Hasegawa, P. (2007). SIZ1-mediated 
sumolytion of ICE1 controls CBF3/DREB1A expression and freezing tolerance in 
Arabidopsis. Plant Cell, 19, 1403-1414. 
Morison, J. (1987). Intercellular CO2 concentration and stomatal response to CO2. In E. Zeiger, 
G. Farquhar, & I. Cowan (Eds.), Stomatal function (pp. 229-251). Stanford, Californa: 
Stanford University Press. 
Muendel, H. (1986). Emergence and vigor of soybean in relation to initial seed moisture and soil 
temperature. Agron. J., 78, 765-769. 
Neill, S., Desikan, R., Clarke, A., Hurst, R., & Hancock, J. (2002). Hydrogen peroxide and nitric 
oxide as signalling molecules in plants. Journal of Experimental Botany, 53(372), 1237-
1247. 
Neumann, D., Emmermann, M., Thierfelder, J., Zur Neiden, U., Clericus, M., Braun, H., . . . 
Schmitz, U. (1993). HSO68-a DNAK-like heat-stress protein of plant mitochondria. 
Planta, 190, 32-43. 
Nieto-Sotelo, J., Martinez, L., Ponce, G., Cassab, G., Alagon, A., Meely, R., . . . Yang, R. 
(2002). Maize HSP101 plays important roles in both induced and basal thermotolerance 
and primary root growth. Plant Cell, 14(7), 1621-1633. 
Nishinari, K., Fang, Y., Guo, S., & Phillips, G. (2014). Soy proteins: A review on composition, 
aggregation and emulsification. Food Hydrocolloids, 39, 301–318. 
doi:10.1016/j.foodhyd.2014.01.013 
Niu, Y., Xu, Y., Liu, X.-F., Yang, S.-X., Wei, S.-P., Xie, F.-T., & Zhang, Y.-M. (2013). 
Association mapping for seed size and shape traits in soybean cultivars. Molecular 
Breeding, 31(4), 785-794. 
Niwa, Y., Yamashino, T., & Mizuno, T. (2009). The circadian clock regulates the photoperiodic 
response of hypocotyl elongation through a coincidence mechanism in arabidopsis 
thaliana. Plant and Cell Physiol, 50(4), 838-854. 
Nouri, M., Hiraga , S., Yanagawa, Y., Sunohara, Y., Matsumoto, H., & Komatsu , S. (2012). 
Characterization of calnexin in soybean roots and hypocotyls under osmotic stress. 
Phytochemistry, 74, 20-29. 
79 
 
Nover, L., Bharti, K., Doring , P., Mishra, S., Ganguli , A., & Scharf, K. (2001). Arabidopsis and 
the heat stress transcription factor world: How many heat stress transcription factors do 
we need? Cell Stress Chaperones, 6, 177-189. 
Novillo, F., Alonso, J., Ecker, J., & Salinas, J. (2004). CBF2/DREB1C is a negative regulator of 
CBF1/DREB1B and CBF/DREB1A expression and plays a central role in stress tolerance 
in Arabidopsis. Proc. Natl. Acad. Sci. USA, 16(101(11)), 3985-3990. 
Novillo, F., Medina, J., & Salinas, J. (2007). Arabidopsis CBF1 and CBF3 have a different 
function than CBF2 in cold acclimation and define different gene classes in the CBF 
regulon. Proc. Natl. Acad. Sci. USA, 104(52), 21002-21007. 
Nozue, K., Covington, M., Duek, P., Lorrain, S., Fankhauser, C., Harmer, S., & Maloof, J. 
(2007). Rhythmic growth explained by coincidence between internal and external cues. 
Nature, 448(7151), 358-361. 
Nusinow, D., Helfer, A., Hamilton, E., King, J., Imaizumi, T., Schultz, T., . . . Kay, S. (2011). 
The ELF4-ELF3-"LUX complex links the circadian clock to diurnal control of hypocotyl 
growth. Nature, 475(7356), 398-404. 
Oh, E., Zhu, J.-Y., & Wang, Z.-Y. (2012). Interaction between BZR1 and PIF4 integrates 
brassinosteroid and environmental responses. Nature Cell Biology, 14(8), 802-809. 
Orf, J. (2010). Introduction. In K. Bilyeu, M. B. Ratnaparkhe, & C. Kole, Genetics, genomics 
and breeding of soybean (pp. 1-18). Enfield: Science Publishers. 
Ortiz, C., & Cardemil, L. (2001). Heat-shock responses in two leguminous plants: A comparative 
study. J. Exp. Bot., 52(361), 1711-1719. 
Pan, D. (1996). Soybean responses to elevated temperature and doubled CO2. Ph.D dissertation, 
227. Gainesville, Florida, USA: University of Florida. 
Piper, E., Boote , K., & Jones, J. (1998). Evaluation and improvement of crop models using 
regional cultivar trial data. Applied Engineering in Agriculture, 14, 435-446. 
Plieth, C., Hansen , U., Knight, H., & Knight , M. (1999). Temperature sensing by plants I: The 
primary mechanisms of signal perception. Plant Journal, 18, 491-497. 
Pollock, B. (1972). Effects of environment after sowing on viability. In E. Roberts (Ed.), 
Viability of seeds (pp. 150-171). Syracuse, New York: Syracuse University Press. 
Polson, D. (1972). Day-neutrality in soybean. Crop Science, 773-776. 
80 
 
Priolli, R., Campos, J., Stabellini, N., Pinheiro, J., & Vello, N. (2015). Association mapping of 
oil content and fatty acid components in soybean. Euphytica, 203(1), 83-96. 
Puhakainen, T., Hess, M., Makela, P., Svensson, J., Heino, P., & Palva, E. (2004). 
Overexpression of multiple dehydrin genes enhances tolerance to freezing stress in 
Arabidopsis. Plant Mol. Biol., 54, 743-753. 
Quecini, V., Zucchi, M. I., Baldin, J., & Vello, N. A. (2007). Identification of soybean genes 
involved in circadian clock mechanism and photoperiodic control. J. Integr. Plant Biol., 
49(11), 1640–1653. doi:10.1111/j.1774-7909.2007.00567.x 
Queitsch, C., Hong, S., Vierling, E., & Lindquist, S. (2000). Heat shock protein 101 plays a 
crucial role in thermotolerance in Arabidopsis. Plant Cell, 12(4), 479-492. 
Quint, M., Delker, C., Franklin, K., Wigge, P., & Halliday, K. (2016). Molecular and genetic 
control of plant thermomorphogenesis. Nature Plants, 2, 1-9. 
Rajashekar, C., Zhou, H., Zhang, Y., Li, W., & Wang, X. (2006). Supression of phospholipase 
Dalpha1 induces freezing tolerance in Arabidopsis: Response of cold-responsive genes 
and osmolyte accumulation. J. Plant Phys., 163, 916-926. 
Ramamoorthy, R., Jiang, S., Kumar, N., Venkatesh, P., & Ramachandran, S. (2008). A 
comprehensive transcriptional profiling of the WRKY gene family in rice under various 
abiotic and phytohormones treatments. Plant Cell Physiol., 49, 865-879. 
Raschke, A., Ibanez, C., Ullrich, K., Anwer, M., Becker, S., Glockner, A., . . . Quint, M. (2015). 
Natural variants of ELF3 affect thermomorphogenesis by transcriptionally modulating 
PIF4-dependent auxin response genes. BMC Plant Biol, 15, 197. 
Rathore, T., Ghildyal, B., & Sachan, R. (1981). Germination and emergence of soybean under 
crusted soil conditions. Plant Soil, 62, 97-105. 
Ray, J. D., Hinson, K., Mankono, J., & Malo, M. F. (1995). Genetic control of a long-juvenile 
trait in soybean. Crop Sci, 35, 1001–1006. 
doi:10.2135/cropsci1995.0011183x003500040012x 
Reyes, M., Corcuera, L., & Cardemil, L. (2003). Accumulation of HSP70 in Deschampsia 
antartica Desv. leaves under thermal stress. Antarctic Sci., 15, 345-352. 
Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S., & Mitter, R. (2004). When 
defense pathways collide. The response of Arabidopsis to a combination of drought and 
heaat stress. Plant Physiol., 134, 1683-1696. 
81 
 
Robinson, S., & Parkin, I. (2008). Differential SAGE analysis in Arabidopsis uncovers increased 
transcriptome complexity in response to low temperature. BMC Genomics, 9, 434. 
Rorat, T., Irzykowski, W., & Grygorowicz, W. (1997). Identification and expression of novel 
cold induced genes in potato (Solanum sogarandium). Plant Sci., 124, 69-78. 
Rotundo, J., & Westgate, M. (2009). Meta-analysis of environmental effects on soybean seed 
composition. Field Crops Res., 110, 147-156. 
Rotundo, J., Borra, L., Westgate, M., & Orf, J. (2009). Relationship between assimilate supply 
per seed during seed filling and soybean seed composition. Field Crop Research, 112, 
147-156. 
Ruiz, J., Sanchez, E., Garcia , P., Lopez-Lefebre, L., Rivero , R., & Romero, L. (2002). Proline 
metabolism and NAD kinase activity in greebean plants subjected to cold-shock. 
Phytochemistry, 59, 473-478. 
Rushton, P., Somssich, I., Ringler, P., & Shen, Q. (2010). WRKY transcription factors. Trends in 
Plant Science, 15(5), 247–258. 
Sairam, R., & Tyagi, A. (2004). Physiology and molecular biology of salinity stress tolerance in 
plants. Curr. Sci., 86, 407-421. 
Salem, M., Kakani, V., & Koti , S. (2007). Pollen-based screening of soybean genotypes for high 
temperatures. Crop Sci., 47, 219-231. 
Sangwan, V., & Dhindsa, R. (2002). In vivo and in vitro activation of temperature-responsive 
plant MAP kinases. FEBS Letters, 531, 561-564. 
Sangwan, V., Foulds, I., Singh, J., & Dhindsa, R. (2001). Cold-activation of Brassica napus BN 
115 promoter is mediated by structural changes in membranes and cytoskeletons, and 
requires Ca2+ influx. Plant J., 27, 1-12. 
Sangwan, V., Orvar, B., Beyerly, J., Hirt, H., & Dhindsa, R. (2002). Opposite changes in 
membrane fluidity mimic cold and heat stress activation of distinct plant MAP kinase 
pathways. Plant J., 31, 629-638. 
Scaboo, A. M., Chen, P., Sleper, D. A., & Clark, K. M. (2010). Classical breeding and genetics 
of soybean. In K. Bilyeu, M. B. Ratnaparkhe, & C. Kole, Genetics, genomics and 
breeding of soybean (pp. 19-53). Enfield: Science Publishers. 
82 
 
Scharf, K., Berberich, T., Ebersberger, I., & Nover, L. (2012). The plant heat stress transcription 
factors (HSF) family: Structure, function, and evolution. Biochimica et Biophysica Acta-
Gene Regulatory Mechanisms, 1819, 104-119. 
Schlenker, W., & Roberts, M. (2009). Nonlinear temperature effects indicate severe damages to 
U.S. crop yields under climate change. Proc. Natl. Acad. Sci. U.S.A., 106, 15594-15598. 
Schmutz, J., Cannon, S., Schlueter, J., Ma, J., Mitros, T., & Nelson, W. (2010). Genome 
sequence of the palaeopolyploid soybean. Nature, 463, 178-183. 
Seddigh, M., & Jolliff, G. (1984). Night temperature effects on morphology, phenology, yield 
and yield components of indeterminate field-grown soybean. Agron J, 76, 824-828. 
Seki, M., Narusaka, M., Kamiya, A., Ishida, J., & Satou, M. (2002). Functional annotation of a 
full-length Arabidopsis cDNA collection. Science, 296, 141-145. 
Shi, A., Chen, P., Zhang, B., & Hou, A. (2010). Genetic diversity and association analysis of 
protein and oil content in food-grade soybeans from Asia and the United States. Plant 
Breeding, 129, 250-256. 
Shin, J., & Lee, S. (2012). Molecular markers for the E2 and E3 genes controlling flowering and 
maturity in soybean. Mol. Breeding. doi:10.1007/s11032-012-9743-6 
Shivakumar, M., Gireesh, C., & Talukdar, A. (2016). Efficiency and utility of pollination without 
emasculation (PWE) method in intra- and inter-specific hybridization in soybean. Indian 
Journal of Genetics and Plant Breeding, 76(1), 98-100. 
Singh, K., Rhonda, C., & Luis , O. (2002). Transcription factors in plant defense and stress 
response. Curr. Opin. Plant Biol., 5, 430-436. 
Slaughter, A., Daniel, X., Flors, V., Luna, E., Hohn, B., & Mauch-Mani, B. (2012). Descendants 
of primed Arabidopsis plants exhibit resistance to biotic stress. Plant Physiology, 158, 
835-843. 
Sonah, H., O'Donoughue, L., Cober, E., Rajcan, I., & Belzile, F. (2015). Identification of loci 
governing eight agronomic traits using a GBS-GWAS approach and validation by QTL 
mapping in soya bean. Plant Biotechnology Journal, 13(2), 211-221. 
Stavang, J., Gallego-Bartolomé, J., Gomez, M., Yoshida, S., Asami, T., Olsen, J., . . . Blázquez, 
M. (2009). Hormonal regulation of temperature-induced growth in Arabidopsis. Plant J, 
60, 589-601. 
83 
 
Sun, J., Li, L., Zhao, J., Huang, J., Yan, Q., Xing, H., & Guo, N. (2014). Genetic analysis and 
fine mapping of RpsJS, a novel resistance gene to Phytophthora sojae in soybean 
[Glycine max (L.) Merr]. Theor Appl Genet., 127(4), 913-919. 
Sun, J., Qi, L., Li, Y., Chu, J., & Li, C. (2012). PIF4-mediated activation of YUCCA8 expression 
integrates temperature into the auxin pathway in regulating Arabidopsis hypocotyl 
growth. PLoS Genet, 8, e1002594. 
Sung, D., Kaplan, F., Lee, K., & Guy, C. (2003). Acquired tolerance to temperature extremes. 
Trends in Plant Sci., 8, 179-187. 
Sunkar, R., & Zhu, J. (2004). Micro RNAs and short interfering RNAs in plants. J. Integr. Plant 
Biol., 16, 817-826. 
Sunkar, R., & Zhu, J. (2004). Novel and stress-regulated microRNAs and other small RNAs 
from ArAbidopsis. Plant Cell, 16, 2001-2019. 
Suri, S., & Dhindsa, R. (2008). A heat-activated MAP kinase (HAMK) as a mediator of heat 
shock response in tobacco cells. Plant Cell Env., 31, 218-226. 
Survila, M., Heino, P., & Tapio Palva, E. (2010). Genes and gene regulation for low-temperature 
tolerance. In M. Jenks, & A. Wood (Eds.), Genes for plant abiotic stress (pp. 185-219). 
Ames, Iowa: Blackwell Publishing. 
Tadross , M., Suarez , P., Lotsch, A., Hachigonta , S., Mdoka, M., Unganai, L., . . . Muchinda , 
M. (2007). Changes in growing season rainfall characteristics and downscaled scenarios 
of change over southern Africa. IPCC Regional Expert Meeting on Regional Impacts, 
Adaptation, Vulnerability, and Mitigation (pp. 193-204). Nadi: IPCC. 
Tang, L., Kim, M., Yang, K., Kwon, S., Kim, S., Kim, J., . . . Lee, H. (2008). Enhanced tolerance 
of transgenic potato plants overexpressing nucleoside diphosphate kinase 2 against 
multiples environmental stresses. Transgenic Res., 17(4), 705-715. 
Teige , M., Scheikl, E., Eulgem, T., Doczi, R., Ichimura, K., Shinozaki, K., . . . Hirt, H. (2004). 
The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. Mol. Cell, 15, 
141-152. 
Tekrony, D. (1980). Environmental influences on soybean seed quality during production. Proc. 
Fourth Annu. Seed Tech. Conf. (pp. 51-67). Ames, Iowa: Iowa State University. 
84 
 
Thomas, J. (2001). Impact of elevated temperature and carbon dioxide on development and 
composition of soybean seed. Ph.D dissertation, 185. Gainesville, Florida, USA: 
University of Florida. 
Thomashow, M. (1998). Role of cold-responsive genes in plant freezing tolerance. Plant 
Physiol., 118, 1-7. 
Thomashow, M. (1999). Plant cold acclimation: Freezing tolerance genes and regulatory 
mechanism. Annu. Rev. Plant Physiol. Plant Mol. Biol., 50, 571-599. 
Tikhonov, K. V., Nedoluzhko, A. V., Martinov, V. V., & Dorokhov, D. B. (2011). Study of 
genetic diversity and spatial structure of the wild soybean (Glycine soja Sieb. & Zucc.) 
population from the neighborhood of the settlement of Ekaterinovka in the South of 
Primorskii. Russian Journal of Genetics, 47(3), 295-299. 
doi:10.1134/S1022795411020177 
Toledo-Ortiz, G., Johansson, H., Lee, K., Bou-Torrent, J., Stewart, K., Steel, G., . . . Halliday, K. 
(2014). The HY5-PIF Regulatory Module Coordinates Light and Temperature Control of 
Photosynthetic Gene Transcription. PLoS Genetics, 10(6), e1004416. 
Tran, L., Nakashima, K., Sakuma, Y., Simpson, S., Fujita, Y., Maruyama, K., . . . Yamaguchi-
Shinozaki, K. (2004). Isolation and functional analysis of Arabidopsis stress-inducible 
NAC transcription factors that bind to a drought-responsive cis-element in the early 
responsive to dehydration stress 1 promoter. Plant Cell, 16, 2481-2498. 
Tran, L., Tran, L., Urao, T., Qin, F., Maruyama, K., Kakimoto, T., . . . Yamaguchi-Shinozaki, K. 
(2007). Functional analysis of AHK1/ATHK1 and cytokinin receptor histidine kinases in 
response to abscisic acid, drought, and salt stress in Arabidopsis. Proc. Natl. Acad. Sci. 
USA, 18(104(51)), 20623-20628. 
Trewavas, A., & Malho, R. (1997). Signal perception and transduction: The origin of the 
phenotype. Plant Cell, 9, 1181-1195. 
Uemura, M., Tominaga, Y., Nakagawara, C., Shigematsu, S., Minami, S., & Kawamura, Y. 
(2006). Responses of the plasma membrane to low temperatures. Physiologia Plantarum, 
126, 81-89. 
UN. (2012). Retrieved from http://esa.un.org/wpp/Documentation/ pdf/ WPP2012_Volume-
I_Comprehensive-Tables.pdf 
85 
 
Vasseur , F., Pantin, F., & Vile, D. (2011). Changes in light intensity reveal a major role for 
carbon balance in Arabidopsis responses to high temperature. Plant Cell, 34, 1563-1576. 
Vaultier, M., Cantrel, C., Vergnolle, C., Justin, A., Demandre, C., Benhassaine-Kesri, G., . . . 
Zachowski, A. (2006). Desaturase mutants reveal that membrane rigidification acts as a 
cold perception mechanism upstream of the diacyglycerol kinase pathway in Arabidopsis 
cells. FEBS Lett, 580, 4218-4223. 
Vettakkorumakankav, N., Falk, D., Saxena, P., & Fletcher , R. (1999). A crucial role for 
gibberellins in stress protection of plants. Plant and Cell Physiol., 40(5), 542-548. 
Vieira, R., Tekrony, D., & Egli, D. (1992). Effect of drought and defoliation stress in the field on 
soybean seed germination and vigor. Crop Sci, 32, 471-475. 
Vile, D., Pervent, M., Belluau, M., Vasseur, F., Bresson, J., Muller, B., . . . Simonneau, T. 
(2012). Arabidopsis growth under prlonged high temperature and water deficit: 
independent or interactive effects? Plant Cell Env., 35, 702-718. 
Vinocur, B., & Altman, A. (2005). Recent advances in engineering plant tolerance to abiotic 
stress: Achievements and limitations. Current Opinion in Biotechnology, 16, 123-132. 
Vlahović, B. (2013). Status and perspectives of soybean production worldwide and in the 
Republic of Serbia. Economic Insights: Trends & Challenges, 65(1), 38-46. 
Vogel, J., Zarka, D., Van Buskirk, H., Fowler, S., & Thomashow, M. (2005). Roles of the CBF2 
and ZAT12 transcription factors in configuring the low temperature transcriptome of 
Arabidopsis. Plant J., 41, 195-211. 
Wahid, A., & Close, T. (2007). Expression of dehydrins under heat stress and their relationship 
with water relations of sugarcane leaves. Biologia Plantarum, 51, 104-109. 
Wang, J., McClean, P., Lee, R., Goos, R., & Helms, T. (2008). Association mapping of iron 
deficiency chlorosis loci in soybean (Glycine max L. Merr.) advanced breeding lines. 
Theoretical and Applied Genetics, 116(6), 777-787. 
Wang, W., Vinocur, B., Shoseyov, O., & Altman, A. (2004). Role of plant heat-shock proteins 
and molecular chaperons in the abiotic stress response. Trends in Plant Science, 9, 244-
252. 
Watanabe , S., Xia, Z., Hideshima, R., Tsubokura, Y., Sato, S., Yamanaka, N., . . . Harada, K. 
(2011). A map-based cloning strategy employing a residual heterozygous line reveals that 
86 
 
the GIGANTEA gene is involved in soybean maturity and flowering. 188: . doi:. 
Genetics, 188, 260–395. doi: 10.1534/genetics.110.125062 
Watanabe, S., Hideshima, R., Xia, Z., Tsubokura, Y., Sato, S., Nakamoto, Y., . . . Harada, K. 
(2009). Map-based cloning of the gene associated with the soybean maturity locus E3. 
Genetics, 182, 1251–1262. doi:10.1534/genetics.108.098772 
Welti, R., Li, W., Li, M., Sang, Y., Biesiada, H., Zhou, H., . . . Wang, X. (2002). Profiling 
membrane lipids in plant stress responses: Role of phospholipase D alpha in freezing-
induced lipid changes in Arabidopsis. J. Biol. Chem., 277, 31994-32002. 
Williams, M., Torabinejad, J., Cohick, E., Parker, K., Drake, E., Thompson , J., . . . DeWald, D. 
(2005). Mutations in the Arabidopsis phosphoinositide phosphatase gene SAC9 lead to 
overaccumulation of Ptdins(4,5)P2 and constitutive expression of the stress-response 
pathway. Plant Physiol., 138, 686-700. 
Woodworth, C. (1932). Genetics and breeding in the improvement of the soybean. University of 
Illinois Agricultural Experiment Station Bulletin. 
Xia, Z., Watanabe, S., Yamada, T., Tsukobura, Y., Nakashima, H., Hong, Z., . . . Harada, K. 
(2012). Positional cloning and characterization reveal the molecular basis for soybean 
maturity locus E1 that regulates photoperiodic flowering. Pro. Natl. Acad. Sci. USA, 109, 
E2155–E2164. doi:10.1073/pnas.1117982109 
Xin, M., Wang, Y., Yao, Y., Xie, C., Peng, H., Ni, Z., & Sun , Q. (2010). Diverse set of 
microRNAs are responsive to powdery mildew infection and heat stress in wheat 
(Triticum aestivum L.). BMC Plant Biol., 10, 123. 
Xin, Z., Mandaokar, A., Chen, J., Last, R., & Browse, J. (2007). Arabidopsis ESK1 encodes a 
novel regulator of freezing tolerance. Plant J, 49, 786-799. 
Xiong , L., Ishitani, M., Lee, H., & Zhu, J. (2001). The Arabidopsis LOS5/ABA3 locus encodes 
a molybdenum cofactor sulfurase and modulates cold stress- and osmotic stress-
responsive gene expression. Plant Cell, 13, 2063-2083. 
Xiong , L., Lee, H., Ishitani, M., Tanaka, Y., Stevenson, B., Koiwa, H., . . . Zhu, J. (2002). 
Repression of stress-responsive genes by FIERY2, a novel transcriptional regulator in 
Arabidopsis. Proc. Natl. Acad. Sci. USA, 99, 10899-10904. 
87 
 
Xu, S., Subudhi, P., Crasta, O., Rosenow, D., Mullet, J., & Nguyen, H. (2000). Molecular 
mapping of QTLs conferring stay-green in grain sorghum (Sorhum bicolor L. Moench). 
Genome, 43, 461-469. 
Yang , B., Jiang, Y., Rahman, M., Deyholos, M., & Kav, N. (2009). Identification and 
expression analysis of WRKY transcription factor genes in canola (Brassica napus L.) in 
response to fungal pathogens and hormone treatments. BMC Plant Biol., 9, 68. 
Yang, T., Ding, Y., Zhu, Y., Li, Y., Wang, X., Yang, R., . . . Yang, Y. (2012). Rhizosphere 
bacteria induced by aluminum-tolerant and aluminum-sensitive soybeans in acid soil. 
Plant, Soil and Environment, 58(6), 262-267. 
Yu, J., Holland, J., McMullen, M., & Buckler, E. (2008). Genetic design and statistical power of 
nested association mapping in maize. Genetics, 178, 539-551. 
Yu, X., Wang, H., Lu, Y., de Ruiter, M., Cariaso, M., Prins, M., . . . He, Y. (2011). Identification 
of conserved and novel microRNAs that are responsive to heat stress in Brassica rapa. J. 
of Exp. Bot. Adv. doi:10.1093/jxb/err337 
Zhang, D., Kan, G., Hu, Z., Cheng, H., Zhang, Y., Wang, Q., . . . Yu, D. (2014). Use of single 
nucleotide polymorphisms and haplotypes to identify genomic regions associated with 
protein content and water-soluble protein content in soybean. Theoretical and Applied 
Genetics, 127(9), 1905-1915. 
Zhang, H., Kim, M., Sun, Y., Dowd , S., Shi, H., & Pare, P. (2008). Soil bacteria confer plant 
salt tolerance by tissue-specific regulation of the sodium transporter HKT1. Molecular 
Plant Microbe Interactions, 21, 737-744. 
Zhang, J., Xu, Y., Huan, Q., & Chong, K. (2009). Deep sequencing of Brachypodium small 
RNAs at the global genome level identifies microRNAs involved in cold stress reponse. 
BMC Genomics, 10, 449. 
Zhang, L. X., Kyei-Boahen, S., Zhang, J., Zhang, M. H., & Freeland, T. B. (2007). Modifications 
of optimum adaptation zones for soybean maturity groups in the USA. Crop 
Management. doi:10.1094/CM-2007-0927-01-RS 
Zhang, W., Yang, J., & Ismail, A. (2006). Role of ABA in integrating plant responses to drought 
and salt stresses. Field Crops Research , 111-119. 
88 
 
Zhang, W.-J., Niu, Y., Bu, S.-H., Li, M., Feng, J.-Y., Zhang, J., . . . Zhang, Y.-M. (2014). 
Epistatic association mapping for alkaline and salinity tolerance traits in the soybean 
germination stage. PLoS ONE, 9(1), e84750. 
Zhang, X., & Glaser, E. (2002). Interaction of plant mitochondrial and chloroplast signal 
peptides with the HSP70 molecular chaperone. Trends in Plant Sci., 7, 14-21. 
Zhao, X., Han, Y., Li, Y., Liu, D., Sun, M., Zhao, Y., . . . Li, W. (2015). Loci and candidate gene 
identification for resistance to Sclerotinia sclerotiorum in soybean (Glycine max L. 
Merr.) via association and linkage maps. Plant Journal, 82(2), 245-255. 
Zhou , X., Wang , G., Sutoh, K., Zhu, J., & Zhang, W. (2008). Identification of cold-inducible 
microRNAs in plants by transcriptome analysis. Biochim. Biophys. Acta, 1779(11), 780-
788. 
Zhou, Q., Tian, A., Zou, H., Xie , G., & Lei, G. (2008). Soybean WRKY-type transcription 
factor genes, GmWRKY13, GmWRKY21, and GmWRKY54, confer differential 
tolerance to abiotic stresses in transgenic Arabidopsis plants. Plant Biotechnol. J., 6, 486-
503. 
Ziska , L., Hogan , K., Smith, A., & Drake, B. (1991). Growth and photosynthetic response of 
nine tropical species with long-term exposure to elevated carbon dioxide. Oecologia, 86, 
383-389. 
Zlatev, Z., & Yordanov, I. (2004). Effects of soil drought on photosynthesis and chlorophyll 
fluorescence in common bean plants. Bulgarian J. of Plant Physiol., 30(3-4), 3-18. 
Zuo, Q., Hou, J., Zhou, B., Wen, Z., Zhang, S., Gai, J., & Xing, H. (2013). Identification of 
QTLs for growth period traits in soybean using association analysis and linkage mapping. 
Plant Breeding, 132(3), 317-323. 
 
 
 
 
 
 
 
 
89 
 
2.7 Figures 
 
 
 
Fig. 2.1. Neighbor-joining phylogenetic tree showing the genetic relatedness of 457 diverse 
soybean lines using 36,499 single nucleotide polymorphisms.  
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Fig. 2.2. Analysis of population structure using 12,909 single nucleotide polymorphisms in 432 
diverse soybean lines. a,bThe LnP(D) and Delta K values when k from 1 to 9 estimated by Structure 
Harvester program. cEach line is represented by a vertical bar, partitioned into colored segments 
with the length of each segment representing the proportion of the individual’s genome when k = 
3.  
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Fig. 2.2. (cont.) 
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Fig. 2.3. Scree plot from principal component analysis. The x-axis is represented by the principal 
component number. The y-axis is the proportion of total variance. aPCA using correlation matrix 
approach. bPCA using covariance matrix approach.  
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Fig. 2.4. Establishment of seed emergence trial in association panel 1 (AP1) under 20°C. aFirst 
replicate at1 week after planting. bFirst replicate at 2 weeks after planting. cSecond replicate at1 
week after planting. dSecond replicate at 2 weeks after planting. 
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Fig. 2.5. Establishment of seed emergence trial in association panel 1 (AP1) under 30°C. aFirst 
replicate at1 week after planting. bFirst replicate at 2 weeks after planting. cSecond replicate at1 
week after planting. dSecond replicate at 2 weeks after planting. 
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Fig. 2.6. Establishment of seed emergence trial in association panel 2 (AP2) under 20°C. aFirst 
replicate at1 week after planting. bFirst replicate at 2 weeks after planting. cSecond replicate at1 
week after planting. dSecond replicate at 2 weeks after planting. 
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Fig. 2.7. Establishment of seed emergence trial in association panel 2 (AP2) under 30°C. aFirst 
replicate at1 week after planting. bFirst replicate at 2 weeks after planting. cSecond replicate at1 
week after planting. dSecond replicate at 2 weeks after planting. 
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Fig. 2.8. Establishment of growth trial in association panel 1 (AP1) under 20°C. aPlants at1 month 
after planting. bPlants at 2 months after planting. cPlants at 3 months after planting. dPlants at 4 
months after planting. ePlants at 5 months after planting. fPlants at 6 months after planting. 
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Fig. 2.9. Establishment of growth trial in association panel 1 (AP1) under 30°C. aPlants at1 month 
after planting. bPlants at 2 months after planting. cPlants at 3 months after planting. dPlants at 4 
months after planting. ePlants at 5 months after planting. fPlants at 6 months after planting. 
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Fig. 2.10. Principal component analysis (PCA) on four seed emergence traits in association panel 
1 (AP1) consisting of 266 G. max accessions. aA scree plot with eigenvalues on the x-axis and 
each PC number on the y-axis. bThe amount of variance measured in terms of proportion values 
(solid line) and cumulative values (dotted lines) in seed emergence traits.  
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Fig. 2.11. Principal component analysis (PCA) on four seed emergence traits in association panel 
2 (AP2) consisting of 200 G. max accessions. aA scree plot with eigenvalues on the x-axis and 
each PC number on the y-axis. bThe amount of variance measured in terms of proportion values 
(solid line) and cumulative values (dotted lines) in seed emergence traits.  
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Fig. 2.12. Principal component analysis (PCA) on eighteen growth-related traits in association 
panel 1 (AP1) consisting of 266 G. max accessions. aA scree plot with eigenvalues on the x-axis 
and each PC number on the y-axis. bThe amount of variance measured in terms of proportion 
values (solid line) and cumulative values (dotted lines) in seed emergence traits.  
 
 
 
Fig. 2.13. Days to initial emergence across thirteen maturity groups in association panel 1 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
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Fig. 2.14. Days to initial emergence across twelve maturity groups in association panel 2 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
 
 
 
Fig. 2.15. Days to 50% emergence across thirteen maturity groups in association panel 1 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
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Fig. 2.16. Days to 50% emergence across twelve maturity groups in association panel 2 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
 
 
 
Fig. 2.17. Mean days to emergence across thirteen maturity groups in association panel 1 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
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Fig. 2.18. Mean days to emergence across twelve maturity groups in association panel 2 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
 
 
 
Fig. 2.19. Percentage of emergence (%) across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group.  
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Fig. 2.20. Percentage of emergence (%) across twelve maturity groups in association panel 2 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group.  
 
 
 
Fig. 2.21. Days to flowering across thirteen maturity groups in association panel 1 grown under 
20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line inside 
boxes indicates median values of each maturity group.  
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Fig. 2.22. No. of trifoliate leaf at flowering across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.23. Internode number of first flower across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
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Fig. 2.24. No. of internodes at flowering across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.25. Plant height (cm) at flowering across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
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Fig. 2.26. Days to seed set across thirteen maturity groups in association panel 1 grown under 20°C 
(blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line inside boxes 
indicates median values of each maturity group. 
 
 
 
Fig. 2.27. No. of pod at seed set across thirteen maturity groups in association panel 1 grown under 
20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line inside 
boxes indicates median values of each maturity group. 
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Fig. 2.28. No. of trifoliate leaf at seed set across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.29. Days to seed maturity across thirteen maturity groups in association panel 1 grown under 
20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line inside 
boxes indicates median values of each maturity group. 
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Fig. 2.30.  No. of mature pod at seed maturity across thirteen maturity groups in association panel 
1 grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values 
meanwhile line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.31. No. of trifoliate leaf at seed maturity across thirteen maturity groups in association panel 
1 grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values 
meanwhile line inside boxes indicates median values of each maturity group. 
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Fig. 2.32. No. of internodes at seed maturity across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.33. Plant height (cm) at seed maturity across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
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Fig. 2.34. Last day to seed maturity across thirteen maturity groups in association panel 1 grown 
under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile line 
inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.35. Days from flowering to seed set across thirteen maturity groups in association panel 1 
grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values meanwhile 
line inside boxes indicates median values of each maturity group. 
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Fig. 2.36. Days from seed set to seed maturity across thirteen maturity groups in association panel 
1 grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values 
meanwhile line inside boxes indicates median values of each maturity group. 
 
 
 
Fig. 2.37. Days from flowering to seed maturity across thirteen maturity groups in association 
panel 1 grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values 
meanwhile line inside boxes indicates median values of each maturity group.  
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Fig. 2.38. Days from first to last day of seed maturity across thirteen maturity groups in association 
panel 1 grown under 20°C (blue box) and 30°C (yellow box). Bold circles indicate mean values 
meanwhile line inside boxes indicates median values of each maturity group. 
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Fig. 2.39. Manhattan plot of the P-values for days to initial emergence in association panel 1. Chromosome 
numbers of the soybean genome indicated on the x-axis. The values of –log(P) on the y-axis determined by the 
Benjamimi & Hochberg method. The red and blue lines represent the cut-off value for a false discovery rate at 
0.05 and 0.10, respectively. SNP-trait association found above the lines considered as significant. 
AP1_UNDER20_DIE, days to initial emergence under 20°C in AP1; AP1_UNDER30_DIE, days to initial 
emergence under 30°C in AP1; AP1_TEMPRESP_SMDDIE, simple mean difference of temperature response 
for days to initial emergence in AP1; and AP1_TEMPRESP_RMDDIE, relative mean difference of temperature 
response days to initial emergence in AP1.  
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Fig. 2.40. Manhattan plot of the P-values for days to initial emergence in association panel 2. 
AP2_UNDER20_DIE, days to initial emergence under 20°C in AP2; AP2_UNDER30_DIE, days to initial 
emergence under 30°C in AP2; AP2_TEMPRESP_SMDDIE, simple mean difference of temperature 
response for days to initial emergence in AP2; and AP2_TEMPRESP_RMDDIE, relative mean difference 
of temperature response for days to initial emergence in AP2.  
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Fig. 2.41. Quantile-quantile (q-q) plot for days to initial emergence (DIE) in AP1 (left column) 
and AP2 (right column). The expected and observed –log10(P) values using a mixed linear model 
is plotted on the x- and y-axis, respectively. abq-q plots for DIE under 20°C; cdq-q plots for DIE 
under 30°C; efq-q plots for simple mean difference of temperature response for DIE; ghq-q plots 
for relative mean difference of temperature response for DIE.  
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Fig. 2.42. Manhattan plot of the P-values for days to 50% emergence in association panel 1. 
AP1_UNDER20_DFE, days to 50% emergence under 20°C in AP1; AP1_UNDER30_DFE, days to 50% 
emergence under 30°C in AP1; AP1_TEMPRESP_SMDDFE, simple mean difference of temperature 
response for days to 50% emergence in AP1; and AP1_TEMPRESP_RMDDFE, relative mean difference 
of temperature response for days to 50% emergence in AP1.  
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Fig. 2.43. Manhattan plot of the P-values for days to 50% emergence in association panel 2. 
AP2_UNDER20_DFE, days to 50% emergence under 20°C in AP2; AP2_UNDER30_DFE, days to 50% 
emergence under 30°C in AP2; AP2_TEMPRESP_SMDDFE, simple mean difference of temperature 
response for days to 50% emergence in AP2; and AP2_TEMPRESP_RMDDFE, relative mean difference 
of temperature response for days to 50% emergence in AP2.  
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Fig. 2.44. Quantile-quantile (q-q) plot for days to 50% emergence (DFE) in AP1 (left column) and 
AP2 (right column). abq-q plots for DFE under 20°C; cdq-q plots for DFE under 30°C; efq-q plots 
for simple mean difference of temperature response for DFE; ghq-q plots for relative mean 
difference of temperature response for DFE.  
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Fig. 2.45. Manhattan plot of the P-values for mean days to emergence in association panel 1. 
AP1_UNDER20_MDE, mean days to emergence under 20°C in AP1; AP1_UNDER30_ MDE, mean days 
to emergence under 30°C in AP1; AP1_TEMPRESP_SMDMDE, simple mean difference of temperature 
response for mean days to emergence in AP1; and AP1_TEMPRESP_RMDMDE, relative mean difference 
of temperature response for mean days to emergence in AP1.  
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Fig. 2.46. Manhattan plot of the P-values for mean days to emergence in association panel 2. 
AP2_UNDER20_MDE, mean days to emergence under 20°C in AP2; AP2_UNDER30_ MDE, mean days 
to emergence under 30°C in AP2; AP2_TEMPRESP_SMDMDE, simple mean difference of temperature 
response for mean days to emergence in AP2; and AP2_TEMPRESP_RMDMDE, relative mean difference 
of temperature response for mean days to emergence in AP2.  
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Fig. 2.47. Quantile-quantile (q-q) plot for mean days to emergence (MDE) in AP1 (left column) 
and AP2 (right column). abq-q plots for MDE under 20°C; cdq-q plots for MDE under 30°C; efq-q 
plots for simple mean difference of temperature response for MDE; ghq-q plots for relative mean 
difference of temperature response for MDE.  
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Fig. 2.48. Manhattan plot of the P-values for percentage of emergence in association panel 1. 
AP1_UNDER20_PE, percentage of emergence under 20°C in AP1; AP1_UNDER30_ PE, 
percentage of emergence under 30°C in AP1. 
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Fig. 2.49. Manhattan plot of the P-values for percentage of emergence in association panel 2. 
AP2_UNDER20_PE, percentage of emergence under 20°C in AP2; AP2_UNDER30_ PE, 
percentage of emergence under 30°C in AP2. 
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Fig. 2.50. Quantile-quantile (q-q) plot for percentage of emergence (PE) in AP1 (left column) and 
AP2 (right column). abq-q plots for PE under 20°C; and  cdq-q plots for PE under 30°C. 
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Fig. 2.51. Manhattan plot of P-values for days to flowering in association panel 1. AP1_UNDER20_DTF, 
days to flowering under 20°C in AP1; AP1_UNDER30_ DTF, days to flowering under 30°C in AP1; 
AP1_TEMPRESP_SMDDTF, simple mean difference of temperature response for days to flowering in 
AP1; and AP1_TEMPRESP_RMDDTF, relative mean difference of temperature response for days to 
flowering in AP1.  
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Fig. 2.52. Quantile-quantile (q-q) plot for days to flowering (DTF) in AP1. aq-q plot for DTF under 
20°C; bq-q plot for DTF under 30°C;  cq-q plot for simple mean difference of temperature response 
for DTF; and dq-q plot for simple mean difference of temperature response for DTF.  
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Fig. 2.53. Manhattan plot of P-values for no. of trifloliate leaf at flowering in association panel 1. 
AP1_UNDER20_TLF, no. of trifloliate leaf at flowering under 20°C in AP1; AP1_UNDER30_ TLF, no. 
of trifloliate leaf at flowering under 30°C in AP1; AP1_TEMPRESP_SMDTLF, simple mean difference of 
temperature response for no. of trifloliate leaf at flowering in AP1; and AP1_TEMPRESP_RMDTLF, 
relative mean difference of temperature response for no. of trifloliate leaf at flowering in AP1.  
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Fig. 2.54. Quantile-quantile (q-q) plot for no. of trifloliate leaf at flowering (TLF) in AP1. aq-q 
plot for TLF under 20°C; bq-q plot for TLF under 30°C;  cq-q plot for simple mean difference of 
temperature response for TLF; and dq-q plot for simple mean difference of temperature response 
for TLF.  
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Fig. 2.55. Manhattan plot of P-values for internode no. of first flower in association panel 1. 
AP1_UNDER20_INF, internode no. of first flower under 20°C in AP1; AP1_UNDER30_ INF, internode 
no. of first flower under 30°C in AP1; AP1_TEMPRESP_SMDINF, simple mean difference of temperature 
response for internode no. of first flower in AP1; and AP1_TEMPRESP_RMDINF, relative mean 
difference of temperature response for internode no. of first flower in AP1.  
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Fig. 2.56. Quantile-quantile (q-q) plot for internode no. of first flower (INF) in AP1. aq-q plot for 
INF under 20°C; bq-q plot for INF under 30°C; cq-q plot for simple mean difference of temperature 
response for INF; and dq-q plot for simple mean difference of temperature response for INF.  
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Fig. 2.57. Manhattan plot of P-values for no. of internode at flowering in association panel 1. 
AP1_UNDER20_NIF, no. of internode at flowering under 20°C in AP1; AP1_UNDER30_ NIF, no. of 
internode at flowering under 30°C in AP1; AP1_TEMPRESP_SMDNIF, simple mean difference of 
temperature response for no. of internode at flowering in AP1; and AP1_TEMPRESP_RMDNIF, relative 
mean difference of temperature response for no. of internode at flowering in AP1.  
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Fig. 2.58. Quantile-quantile (q-q) plot for no. of internode at flowering (NIF) in AP1. aq-q plot for 
NIF under 20°C; bq-q plot for NIF under 30°C;  cq-q plot for simple mean difference of temperature 
response for NIF; and dq-q plot for simple mean difference of temperature response for NIF.  
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Fig. 2.59. Manhattan plot of P-values for plant height at flowering in association panel 1. 
AP1_UNDER20_PHF, plant height at flowering under 20°C in AP1; AP1_UNDER30_PHF, plant height 
at flowering under 30°C in AP1; AP1_TEMPRESP_SMDPHF, simple mean difference of temperature 
response for plant height at flowering in AP1; and AP1_TEMPRESP_RMDPHF, relative mean difference 
of temperature response for plant height at flowering in AP1.  
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Fig. 2.60. Quantile-quantile (q-q) plot for plant height at flowering (PHF) in AP1. aq-q plot for 
PHF under 20°C; bq-q plot for PHF under 30°C;  cq-q plot for simple mean difference of 
temperature response for PHF; and dq-q plot for simple mean difference of temperature response 
for PHF.  
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Fig. 2.61. Manhattan plot of P-values for days to seed set in association panel 1. AP1_UNDER20_DTS, 
days to seed set under 20°C in AP1; AP1_UNDER30_DTS, days to seed set under 30°C in AP1; 
AP1_TEMPRESP_SMDDTS, simple mean difference of temperature response for days to seed set in AP1; 
and AP1_TEMPRESP_RMDDTS, relative mean difference of temperature response for days to seed set in 
AP1.  
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Fig. 2.62. Quantile-quantile (q-q) plot for days to seed set (DTS) in AP1. aq-q plot for DTS under 
20°C; bq-q plot for DTS under 30°C;  cq-q plot for simple mean difference of temperature response 
for DTS; and dq-q plot for simple mean difference of temperature response for DTS.  
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Fig. 2.63. Manhattan plot of P-values for no. of pod at seed set in association panel 1. 
AP1_UNDER20_NPS, no. of pod at seed set under 20°C in AP1; AP1_UNDER30_NPS, no. of pod at seed 
set under 30°C in AP1; AP1_TEMPRESP_SMDNPS, simple mean difference of temperature response for 
no. of pod at seed set in AP1; and AP1_TEMPRESP_RMDNPS, relative mean difference of temperature 
response for no. of pod at seed set in AP1.  
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Fig. 2.64. Quantile-quantile (q-q) plot for no. of pod at seed set (NPS) in AP1. aq-q plot for NPS 
under 20°C; bq-q plot for NPS under 30°C;  cq-q plot for simple mean difference of temperature 
response for NPS; and dq-q plot for simple mean difference of temperature response for NPS.  
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Fig. 2.65. Manhattan plot of P-values for no. of trifoliate leaf at seed set in association panel 1. 
AP1_UNDER20_TLS, no. of trifoliate leaf at seed set under 20°C in AP1; AP1_UNDER30_TLS, no. of 
trifoliate leaf at seed set under 30°C in AP1; AP1_TEMPRESP_SMDTLS, simple mean difference of 
temperature response for no. of trifoliate leaf at seed set in AP1; and AP1_TEMPRESP_RMDTLS, relative 
mean difference of temperature response for no. of trifoliate leaf at seed set in AP1.  
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Fig. 2.66. Quantile-quantile (q-q) plot for no. of trifoliate leaf at seed set (TLS) in AP1. aq-q plot 
for TLS under 20°C; bq-q plot for TLS under 30°C;  cq-q plot for simple mean difference of 
temperature response for TLS; and dq-q plot for simple mean difference of temperature response 
for TLS.  
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Fig. 2.67. Manhattan plot of P-values for days to seed maturity in association panel 1. 
AP1_UNDER20_DTM, days to seed maturity under 20°C in AP1; AP1_UNDER30_DTM, days to seed 
maturity under 30°C in AP1; AP1_TEMPRESP_SMDDTM, simple mean difference of temperature 
response for days to seed maturity in AP1; and AP1_TEMPRESP_RMDDTM, relative mean difference of 
temperature response for days to seed maturity in AP1.  
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Fig. 2.68. Quantile-quantile (q-q) plot for days to seed maturity (DTM) in AP1. aq-q plot for DTM 
under 20°C; bq-q plot for DTM under 30°C;  cq-q plot for simple mean difference of temperature 
response for DTM; and dq-q plot for simple mean difference of temperature response for DTM.  
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Fig. 2.69. Manhattan plot of P-values for no. of mature pod at seed maturity in association panel 1. 
AP1_UNDER20_NPM, no. of mature pod at seed maturity under 20°C in AP1; AP1_UNDER30_NPM, 
no. of mature pod at seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDNPM, simple mean 
difference of temperature response for no. of mature pod at seed maturity in AP1; and 
AP1_TEMPRESP_RMDNPM, relative mean difference of temperature response for no. of mature pod at 
seed maturity in AP1.  
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Fig. 2.70. Quantile-quantile (q-q) plot for no. of mature pod at seed maturity (NPM) in AP1. aq-q 
plot for NPM under 20°C; bq-q plot for NPM under 30°C;  cq-q plot for simple mean difference of 
temperature response for NPM; and dq-q plot for simple mean difference of temperature response 
for NPM.  
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Fig. 2.71. Manhattan plot of P-values for no. of trifoliate leaf at seed maturity in association panel 1. 
AP1_UNDER20_TLM, no. of trifoliate leaf at seed maturity under 20°C in AP1; AP1_UNDER30_TLM, 
no. of trifoliate leaf at seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDTLM, simple mean 
difference of temperature response for no. of trifoliate leaf at seed maturity in AP1; and 
AP1_TEMPRESP_RMDTLM, relative mean difference of temperature response for no. of trifoliate leaf at 
seed maturity in AP1.  
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Fig. 2.72. Quantile-quantile (q-q) plot for no. of trifoliate leaf at seed maturity (TLM) in AP1. aq-
q plot for TLM under 20°C; bq-q plot for TLM under 30°C;  cq-q plot for simple mean difference 
of temperature response for TLM; and dq-q plot for simple mean difference of temperature 
response for TLM.  
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Fig. 2.73. Manhattan plot of P-values for no. of internode at seed maturity in association panel 1. 
AP1_UNDER20_NIM, no. of internode at seed maturity under 20°C in AP1; AP1_UNDER30_NIM, no. 
of internode at seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDNIM, simple mean difference of 
temperature response for no. of internode at seed maturity in AP1; and AP1_TEMPRESP_RMDNIM, 
relative mean difference of temperature response for no. of internode at seed maturity in AP1.  
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Fig. 2.74. Quantile-quantile (q-q) plot for no. of internode at seed maturity (NIM) in AP1. aq-q 
plot for NIM under 20°C; bq-q plot for NIM under 30°C;  cq-q plot for simple mean difference of 
temperature response for NIM; and dq-q plot for simple mean difference of temperature response 
for NIM.  
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Fig. 2.75. Manhattan plot of P-values for plant height at seed maturity in association panel 1. 
AP1_UNDER20_PHM, plant height at seed maturity under 20°C in AP1; AP1_UNDER30_PHM, plant 
height at seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDPHM, simple mean difference of 
temperature response for plant height at seed maturity in AP1; and AP1_TEMPRESP_RMDPHM, relative 
mean difference of temperature response for plant height at seed maturity in AP1.  
150 
 
a 
 
b 
 
c  
 
d 
 
Fig. 2.76. Quantile-quantile (q-q) plot for plant height at seed maturity (PHM) in AP1. aq-q plot 
for PHM under 20°C; bq-q plot for PHM under 30°C;  cq-q plot for simple mean difference of 
temperature response for PHM; and dq-q plot for simple mean difference of temperature response 
for PHM.  
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Fig. 2.77. Manhattan plot of P-values for last day to seed maturity in association panel 1. 
AP1_UNDER20_LDTM, last day to seed maturity under 20°C in AP1; AP1_UNDER30_LDTM, last day 
to seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDLDTM, simple mean difference of 
temperature response for last day to seed maturity in AP1; and AP1_TEMPRESP_RMDLDTM, relative 
mean difference of temperature response for last day to seed maturity in AP1.  
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Fig. 2.78. Quantile-quantile (q-q) plot for last day to seed maturity (LDTM) in AP1. aq-q plot for 
LDTM under 20°C; bq-q plot for LDTM under 30°C;  cq-q plot for simple mean difference of 
temperature response for LDTM; and dq-q plot for simple mean difference of temperature response 
for LDTM.  
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Fig. 2.79. Manhattan plot of P-values for days from flowering to seed set in association panel 1. 
AP1_UNDER20_FTS, days from flowering to seed set under 20°C in AP1; AP1_UNDER30_FTS, days 
from flowering to seed set under 30°C in AP1; AP1_TEMPRESP_SMDFTS, simple mean difference of 
temperature response for days from flowering to seed set in AP1; and AP1_TEMPRESP_RMDFTS, 
relative mean difference of temperature response for days from flowering to seed set in AP1.  
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Fig. 2.80. Quantile-quantile (q-q) plot for days from flowering to seed set (FTS) in AP1. aq-q plot 
for FTS under 20°C; bq-q plot for FTS under 30°C;  cq-q plot for simple mean difference of 
temperature response for FTS; and dq-q plot for simple mean difference of temperature response 
for FTS.  
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Fig. 2.81. Manhattan plot of P-values for days from seed set to seed maturity in association panel 1. 
AP1_UNDER20_STM, days from seed set to seed maturity under 20°C in AP1; AP1_UNDER30_STM, 
days from seed set to seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDSTM, simple mean 
difference of temperature response for days from seed set to seed maturity in AP1; and 
AP1_TEMPRESP_RMDSTM, relative mean difference of temperature response for days from seed set to 
seed maturity in AP1.  
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Fig. 2.82. Quantile-quantile (q-q) plot for days from seed set to seed maturity (STM) in AP1. aq-q 
plot for STM under 20°C; bq-q plot for STM under 30°C;  cq-q plot for simple mean difference of 
temperature response for STM; and dq-q plot for simple mean difference of temperature response 
for STM.  
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Fig. 2.83. Manhattan plot of P-values for days from flowering to seed maturity in association panel 1. 
AP1_UNDER20_FTM, days from flowering to seed maturity under 20°C in AP1; AP1_UNDER30_FTM, 
days from flowering to seed maturity under 30°C in AP1; AP1_TEMPRESP_SMDFTM, simple mean 
difference of temperature response for days from flowering to seed maturity in AP1; and 
AP1_TEMPRESP_RMDFTM, relative mean difference of temperature response for days from flowering 
to seed maturity in AP1.  
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Fig. 2.84. Quantile-quantile (q-q) plot for days from flowering to seed maturity (FTM) in AP1. aq-
q plot for FTM under 20°C; bq-q plot for FTM under 30°C;  cq-q plot for simple mean difference 
of temperature response for FTM; and dq-q plot for simple mean difference of temperature 
response for FTM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
159 
 
 
 
 
 
Fig. 2.85. Manhattan plot of P-values for days from first to last day of seed maturity in association panel 1. 
AP1_UNDER20_FTLDM, days from first to last day of seed maturity under 20°C in AP1; 
AP1_UNDER30_FTLDM, days from first to last day of seed maturity under 30°C in AP1; 
AP1_TEMPRESP_SMDDFTLDM, simple mean difference of temperature response for days from first to 
last day of seed maturity in AP1; and AP1_TEMPRESP_RMDDFTLDM, relative mean difference of 
temperature response for days from first to last day of seed maturity in AP1.  
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Fig. 2.86. Quantile-quantile (q-q) plot for days from first to last day of seed maturity (FTLDM) in 
AP1. aq-q plot for FTLDM under 20°C; bq-q plot for FTLDM under 30°C;  cq-q plot for simple 
mean difference of temperature response for FTLDM; and dq-q plot for simple mean difference of 
temperature response for FTLDM.  
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Fig 2.87. Distribution of significant SNPs based on GWAS. aSNPs sigificant at FDR=0.05. bSNPs 
significant at FDR=0.10.  
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2.8 Tables 
 
Table 2.1. Summary of phenotypic trials conducted for association mapping studies. 
Temperature  
Association 
panel 
Season Trait of study 
Greenhouse 
location 
Type of 
lightinga 
20°C 
AP1 
(266 G. max) 
1 Seed emergence USDA 6W3 HIL 
2 
Seed emergence & 
growth-related 
USDA 7W6 HIL 
AP2 
(200 G. max) 
1 Seed emergence USDA 6W3 HIL 
2 Seed emergence PSL 1814 HIL 
30°C 
AP1 
 (266 G. max) 
1 Seed emergence  TG 3E4 IB 
2 
Seed emergence & 
growth-related 
TG 7E2 HIL 
AP2 
 (200 G. max) 
1 Seed emergence TG 3E4 IB 
2 Seed emergence TG 7E2 HIL 
aHID, high intensity light; IB, incandescent bulb. 
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Table 2.2. List of soybean traits studied and their measurement.  
No. Trait Trait measurement  
1. Days to initial emergence (DIE) The number of days from sowing to first seed 
hypocotyl emerging above soil level. 
2. Days to 50% emergence (DFE) 
 
The number of days from sowing to 50% seeds 
with hypocotyl emerging above soil level. 
3. Mean days to emergence (MDE) 
 
The sum of days for each emerging seeds to rise 
above soil level over the total number of seeds 
emerging above soil level.  
4. Percentage of emergence (PE) 
 
Percentage of seeds emerging above soil level 
over the total number of seeds sowed. 
5. Days to flowering (DTF) The number of days from sowing to first open 
flower (stage R1).  
6. No. of trifoliate leaf at flowering (TLF) The number of expanded trifoliate leaves present 
at stage R1.  
7. Internode number of first flower (INF) The internode position number from base of 
plant to appearance of first flower.  
8. No. of internodes at flowering (NIF) The number of internodes from base to terminal 
of main stem at stage R1. 
9. Plant height at flowering (PHF) Total length in cm from base to terminal of main 
stem at stage R1. 
10. Days to seed set (DTS) The number of days from sowing to first seed 
pod (stage R5). 
11. No. of pod at seed set (NPS) The number of seed pods present at stage R5. 
12. No. of trifoliate leaf at seed set (TLS) The number of expanded trifoliate leaves present 
at stage R5. 
13. Days to seed maturity (DTM) The number of days from sowing to first matured 
seed pod (stage R7). 
14. No. of mature pod at seed maturity 
(NPM) 
The number of matured seed pods present at 
stage R7. 
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Table 2.2. (cont.) 
15. No. of trifoliate leaf at seed maturity 
(TLM) 
The number of expanded trifoliate leaves present 
at stage R7. 
16. No. of internodes at seed maturity 
(NIM) 
The number of internodes from base to terminal 
of main stem at stage R7.  
17. Plant height at seed maturity (PHM) Total length in cm from base to terminal of main 
stem at stage R7. 
18. Last day to seed maturity (LDM) The number of days from sowing to last matured 
seed pod (stage R8). 
19. Days from flowering to seed set (FTS) The number of days from stages R1 to R5. 
20. Days from seed set to seed maturity 
(STM) 
The number of days from stages R5 to R7. 
21. Days from flowering to seed maturity 
(FTM) 
The number of days from stages R1 to R7. 
22. Days from first to last day of seed 
maturity (FTLDM) 
The number of days from stages R7 to R8. 
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Table 2.3. Pearson Correlation Coefficients between seed emergence traits in AP1. 
 logDIEa logDFEb MDEc PEd 
logDIEa 1 0.83934** 0.90499** -0.51005** 
logDFEb 0.83934** 1 0.91988** -0.45241** 
MDEc 0.90499** 0.91988** 1 -0.42669** 
PEd -0.51005** -0.45241** -0.42669** 1 
aDIE, days to initial emergence; bDFE, days to 50% emergence; cMDE, mean days to emergence; 
and dPE, percentage of emergence.  
 
Table 2.4. Spearman Correlation Coefficients between seed emergence traits in AP1. 
 DIEa DFEb MDEc PEd 
DIEa 1 0.84745** 0.90937** -0.48953** 
DFEb 0.84745** 1 0.93647** -0.45614** 
MDEc 0.90937** 0.93647 1 -0.40875** 
PEd -0.48953** -0.45614** -0.40875** 1 
aDIE, days to initial emergence; bDFE, days to 50% emergence; cMDE, mean days to emergence; 
and dPE, percentage of emergence.  
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Table 2.5. Pearson Correlation Coefficients between seed emergence traits in AP 2. 
 logDIEa logDFEb MDEc PEd 
logDIEa 1 0.8236** 0.8757** -0.45109** 
logDFEb 0.8236** 1 0.92657** -0.46243** 
MDEc 0.8757** 0.92657** 1 -0.45419** 
PEd -0.45109** -0.46243** -0.45419** 1 
aDIE, days to initial emergence; bDFE, days to 50% emergence; cMDE, mean days to emergence; 
and dPE, percentage of emergence.  
 
Table 2.6. Spearman Correlation Coefficients between seed emergence traits in AP2. 
 DIEa DFEb MDEc PEd 
DIEa 1 0.84529** 0.89037** -0.41066** 
DFEb 0.84529** 1 0.94092** -0.4347** 
MDEc 0.89037** 0.94092** 1 -0.42024** 
PEd -0.41066** -0.4347** -0.42024** 1 
aDIE, days to initial emergence; bDFE, days to 50% emergence; cMDE, mean days to emergence; 
and dPE, percentage of emergence.  
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Table 2.7. Pearson Correlation Coefficients between growth-related traits in association panel 1. 
 DTF1 TLF2 INF3 PHF4 NIF5 
DTF1 1 0.65842** 0.28880** 0.48121** 0.81669** 
TLF2 0.65842** 1 0.17116** 0.52230** 0.66568** 
INF3 0.28880** 0.17116** 1 0.46037** 0.39191** 
PHF4 0.48121** 0.5223** 0.46037** 1 0.66367** 
NIF5 0.81669** 0.66568** 0.39191** 0.66367** 1 
DTS6 0.89300** 0.63189** 0.21027** 0.44943** 0.77302** 
NPS7 0.39152** 0.39877** 0.01317ns 0.20275** 0.31906** 
TLS8 0.36436** 0.75645** 0.12376** 0.42508** 0.48312** 
FTS9 0.15479** 0.15984** 0.15044** 0.22955** 0.26782** 
DTM10 0.83605** 0.62471** 0.17822** 0.38100** 0.68318** 
NPM11 0.17445** 0.16037** -0.03406ns 0.00982ns 0.09418* 
TLM12 0.27554** 0.51701** 0.27049** 0.54647** 0.41802** 
PHM13 0.22813** 0.29420** 0.35040** 0.70553** 0.45713** 
NIM14 0.47132** 0.48793** 0.38697** 0.57352** 0.68310** 
LDTM15 0.65142** 0.54104** 0.19553** 0.35750** 0.57357** 
STM16 0.10872* 0.01570ns 0.01648ns -0.15208** -0.03374ns 
FTM17 0.10606* 0.08911* 0.10089* 0.01464ns 0.12727** 
FTLDM18 -0.16275** 0.03227ns -0.02012ns 0.08858* 0.02237ns 
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Table 2.7. (cont.) 
 DTS6 NPS7 TLS8 FTS9 DTM10 
DTF1 0.89300** 0.39152** 0.36436** 0.15479** 0.83605** 
TLF2 0.63189** 0.39877** 0.75645** 0.15984** 0.62471** 
INF3 0.21027** 0.01317ns 0.12376** 0.15044** 0.17822** 
PHF4 0.44943** 0.20275** 0.42508** 0.22955** 0.38100** 
NIF5 0.77302** 0.31906** 0.48312** 0.26782** 0.68318** 
DTS6 1 0.36521** 0.44708** 0.58187** 0.92982** 
NPS7 0.36521** 1 0.19632** 0.09530* 0.29205** 
TLS8 0.44708** 0.19632** 1 0.31288** 0.52264** 
FTS9 0.58187** 0.09530* 0.31288** 1 0.44781** 
DTM10 0.92982** 0.29205** 0.52264** 0.44781** 1 
NPM11 0.10280* 0.13329** 0.08072* -0.10415* 0.15331** 
TLM12 0.27328** 0.07346* 0.61688** 0.36717** 0.19380** 
PHM13 0.25722** 0.08298* 0.34745** 0.31945** 0.13931** 
NIM14 0.53096** 0.22292** 0.50585** 0.41758** 0.43925** 
LDTM15 0.78415** 0.21230** 0.54096** 0.44787** 0.83150** 
STM16 0.09314* -0.14979** 0.05244ns -0.01421ns 0.45177** 
FTM17 0.41124** -0.03594ns 0.29249** 0.72291** 0.61939** 
FTLDM18 -0.08893* 0.00777ns 0.15323** 0.10206* -0.14072** 
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Table 2.7. (cont.) 
 NPM11 TLM12 PHM13 NIM14 LDTM15 
DTF1 0.17445** 0.27554** 0.22813** 0.47132** 0.65142** 
TLF2 0.16037** 0.51701** 0.29420** 0.48793** 0.54104** 
INF3 -0.03406ns 0.27049** 0.35040** 0.38697** 0.19553** 
PHF4 0.00982ns 0.54647** 0.70553** 0.57352** 0.35750** 
NIF5 0.09418* 0.41802** 0.45713** 0.68310** 0.57357** 
DTS6 0.10280* 0.27328** 0.25722** 0.53096** 0.78415** 
NPS7 0.13329** 0.07346* 0.08298* 0.22292** 0.21230** 
TLS8 0.08072* 0.61688** 0.34745** 0.50585** 0.54096** 
FTS9 -0.10415* 0.36717** 0.31945** 0.41758** 0.44787** 
DTM10 0.15331** 0.1938** 0.13931** 0.43925** 0.8315** 
NPM11 1 -0.14048** -0.07705* 0.03661ns 0.12909** 
TLM12 -0.14048** 1 0.54171** 0.53446** 0.23910** 
PHM13 -0.07705* 0.54171** 1 0.70049** 0.26190** 
NIM14 0.03661ns 0.53446** 0.70049** 1 0.53661** 
LDTM15 0.12909** 0.23910** 0.26190** 0.53661** 1 
STM16 0.17721** -0.06478* -0.22026** -0.08546* 0.35626** 
FTM17 0.03017ns 0.22499** 0.09491* 0.25390** 0.57279** 
FTLDM18 -0.17232** 0.41671** 0.28000** 0.17023** 0.43292** 
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Table 2.7. (cont.) 
 STM16 FTM17 FTLDM18 
DTF1 0.10872* 0.10606* -0.16275** 
TLF2 0.01570ns 0.08911* 0.03227ns 
INF3 0.01648ns 0.10089* -0.02012ns 
PHF4 -0.15208** 0.01464ns 0.08858* 
NIF5 -0.03374ns 0.12727** 0.02237ns 
DTS6 0.09314* 0.41124** -0.08893* 
NPS7 -0.14979** -0.03594ns 0.00777ns 
TLS8 0.05244ns 0.29249** 0.15323** 
FTS9 -0.01421ns 0.72291** 0.10206* 
DTM10 0.45177** 0.61939** -0.14072** 
NPM11 0.17721** 0.03017ns -0.17232** 
TLM12 -0.06478* 0.22499** 0.41671** 
PHM13 -0.22026** 0.09491* 0.28000** 
NIM14 -0.08546* 0.25390** 0.17023** 
LDTM15 0.35626** 0.57279** 0.43292** 
STM16 1 0.67757** -0.15084** 
FTM17 0.67757** 1 -0.02769ns 
FTLDM18 -0.15084** -0.02769ns 1 
1DTF, days to flowering; 2TLF, no. of trifoliate at flowering; 3INF, internode no. of first flower; 
4PHF, plant height at flowering,; 5NIF, no. of internode at flowering; 6DTS, days to seed set; 
7NPS, no. of pod at seed set; 8TLS, no. of trifoliate at seed set; 9FTS, days from flowering to seed 
set; 10DTM, days to seed maturity; 11NPM, no. of pod at seed maturity; 12TLM, no. of trifoliate at 
seed maturity; 13PHM, plant height at seed maturity; 14NIM, no. of internode at seed maturity; 
15LDTM, last day of seed maturity; 16STM, days from seed set to seed maturity; 17FTM, days 
from flowering to seed maturity; 18FTLDM, days from first to last seed maturity. 
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Table 2.8. Spearman Correlation Coefficients between growth-related traits in AP1. 
 DTF1 TLF2 INF3 PHF4 NIF5 
DTF1 1 0.80520** 0.15873** 0.60678** 0.79728** 
TLF2 0.80520** 1 0.09381* 0.64684** 0.77445** 
INF3 0.15873** 0.09381* 1 0.24246** 0.18126** 
PHF4 0.60678** 0.64684** 0.24246** 1 0.74136** 
NIF5 0.79728** 0.77445** 0.18126** 0.74136** 1 
DTS6 0.91772** 0.76115** 0.12013** 0.59533** 0.79313** 
NPS7 0.28526** 0.32358** -0.02297ns 0.26450** 0.31606** 
TLS8 0.51679** 0.80296** 0.06463* 0.50949** 0.59606** 
FTS9 0.14161** 0.16931** 0.11555** 0.24329** 0.29650** 
DTM10 0.87263** 0.70858** 0.09997* 0.45184** 0.68030** 
NPM11 0.21280** 0.18811** -0.03813ns -0.00932ns 0.07968* 
TLM12 0.01139ns 0.24419** 0.05909* 0.31814** 0.21962** 
PHM13 0.22039** 0.33599** 0.17964** 0.75174** 0.48256** 
NIM14 0.49247** 0.57912** 0.20510** 0.63853** 0.68604** 
LDTM15 0.65736** 0.58521** 0.14508** 0.41284** 0.56768** 
STM16 0.27624** 0.14611** 0.04169ns -0.14530** 0.05000ns 
FTM17 0.24868** 0.18076** 0.10066* 0.01135ns 0.18270** 
FTLDM18 -0.13579** 0.05230ns -0.00940ns 0.16135** 0.06086ns 
 
 
 
 
 
 
 
 
 
 
 
172 
 
Table 2.8. (cont.) 
 DTS6 NPS7 TLS8 FTS9 DTM10 
DTF1 0.91772** 0.28526** 0.51679** 0.14161** 0.87263** 
TLF2 0.76115** 0.32358** 0.80296** 0.16931** 0.70858** 
INF3 0.12013** -0.02297ns 0.06463* 0.11555** 0.09997* 
PHF4 0.59533** 0.26450** 0.50949** 0.24329** 0.45184** 
NIF5 0.79313** 0.31606** 0.59606** 0.29650** 0.68030** 
DTS6 1 0.31933** 0.60102** 0.47156** 0.94652** 
NPS7 0.31933** 1 0.26044** 0.20119** 0.23519** 
TLS8 0.60102** 0.26044** 1 0.35236** 0.60348** 
FTS9 0.47156** 0.20119** 0.35236** 1 0.36904** 
DTM10 0.94652** 0.23519** 0.60348** 0.36904** 1 
NPM11 0.13535** 0.01156ns 0.16376** -0.14155** 0.18712** 
TLM12 0.06524* 0.10410* 0.36720** 0.31137** -0.01976ns 
PHM13 0.31914** 0.15924** 0.40079** 0.36917** 0.17961** 
NIM14 0.61614** 0.22533** 0.62638** 0.49704** 0.50509** 
LDTM15 0.78953** 0.17183** 0.58748** 0.40871** 0.82828** 
STM16 0.26300** -0.14952** 0.13955** 0.02544ns 0.50876** 
FTM17 0.47597** 0.00514ns 0.33082** 0.63215** 0.63336** 
FTLDM18 -0.03211ns 0.05475ns 0.19394** 0.17910** -0.07401* 
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Table 2.8. (cont.) 
 NPM11 TLM12 PHM13 NIM14 LDTM15 
DTF1 0.21280** 0.01139ns 0.22039** 0.49247** 0.65736** 
TLF2 0.18811** 0.24419** 0.33599** 0.57912** 0.58521** 
INF3 -0.03813ns 0.05909* 0.17964** 0.2051** 0.14508** 
PHF4 -0.00932ns 0.31814** 0.75174** 0.63853** 0.41284** 
NIF5 0.07968* 0.21962** 0.48256** 0.68604** 0.56768** 
DTS6 0.13535** 0.06524* 0.31914** 0.61614** 0.78953** 
NPS7 0.01156ns 0.10410* 0.15924** 0.22533** 0.17183** 
TLS8 0.16376** 0.36720** 0.40079** 0.62638** 0.58748** 
FTS9 -0.14155** 0.31137** 0.36917** 0.49704** 0.40871** 
DTM10 0.18712** -0.01976ns 0.17961** 0.50509** 0.82828** 
NPM11 1 -0.17451** -0.08419* 0.02500ns 0.08435* 
TLM12 -0.17451** 1 0.46594** 0.38012** 0.10083* 
PHM13 -0.08419* 0.46594** 1 0.71655** 0.28011** 
NIM14 0.02500ns 0.38012** 0.71655** 1 0.55269** 
LDTM15 0.08435* 0.10083* 0.28011** 0.55269** 1 
STM16 0.24523** -0.15608** -0.25229** -0.04599ns 0.38283** 
FTM17 0.07870* 0.07616* 0.04931ns 0.25540** 0.55295** 
FTLDM18 -0.19708** 0.47038** 0.29487** 0.21024** 0.42874** 
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Table 2.8. (cont.) 
 STM16 FTM17 FTLDM18 
DTF1 0.27624** 0.24868** -0.13579** 
TLF2 0.14611** 0.18076** 0.05230ns 
INF3 0.04169ns 0.10066* -0.00940ns 
PHF4 -0.14530** 0.01135ns 0.16135** 
NIF5 0.05000ns 0.18270** 0.06086ns 
DTS6 0.26300** 0.47597** -0.03211ns 
NPS7 -0.14952** 0.00514ns 0.05475ns 
TLS8 0.13955** 0.33082** 0.19394** 
FTS9 0.02544ns 0.63215** 0.17910** 
DTM10 0.50876** 0.63336** -0.07401* 
NPM11 0.24523** 0.07870* -0.19708** 
TLM12 -0.15608** 0.07616* 0.47038** 
PHM13 -0.25229** 0.04931ns 0.29487** 
NIM14 -0.04599ns 0.25540** 0.21024** 
LDTM15 0.38283** 0.55295** 0.42874** 
STM16 1 0.72596** -0.15594** 
FTM17 0.72596** 1 -0.02810ns 
FTLDM18 -0.15594** -0.02810ns 1 
1DTF, days to flowering; 2TLF, no. of trifoliate at flowering; 3INF, internode no. of first flower; 
4PHF, plant height at flowering,; 5NIF, no. of internode at flowering; 6DTS, days to seed set; 
7NPS, no. of pod at seed set; 8TLS, no. of trifoliate at seed set; 9FTS, days from flowering to seed 
set; 10DTM, days to seed maturity; 11NPM, no. of pod at seed maturity; 12TLM, no. of trifoliate at 
seed maturity; 13PHM, plant height at seed maturity; 14NIM, no. of internode at seed maturity; 
15LDTM, last day of seed maturity; 16STM, days from seed set to seed maturity; 17FTM, days 
from flowering to seed maturity; 18FTLDM, days from first to last seed maturity. 
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Table 2.9. Principal component values obtained from a multi-variate analysis on seed emergence 
traits in AP1 and AP2.  
Principal 
component 
AP1 AP2 
Eigenvalue Proportion Cumulative Eigenvalue Proportion Cumulative 
1 2.96836410 0.7421 0.7421 2.95822459 0.7396 0.7396 
2 0.81573119 0.2039 0.9460 0.79620547 0.1991 0.9386 
3 0.15366197 0.0384 0.9844 0.17905409 0.0448 0.9834 
4 0.06224274 0.0156 1.0000 0.06651586 0.0166 1.0000 
 
Table 2.10. Principal component values obtained from a multi-variate analysis on growth-related 
traits in AP1.  
Principal component Eigenvalue Proportion Cumulative 
1 6.79303527 0.3774 0.3774 
2 2.55224039 0.1418 0.5192 
3 2.09249253 0.1162 0.6354 
4 1.26636600 0.0704 0.7058 
5 1.01045916 0.0561 0.7619 
6 0.93820387 0.0521 0.8140 
7 0.80286017 0.0446 0.8586 
8 0.71006696 0.0394 0.8981 
9 0.57142480 0.0317 0.9298 
10 0.42307038 0.0235 0.9533 
11 0.31070242 0.0173 0.9706 
12 0.26804112 0.0149 0.9855 
13 0.14553536 0.0081 0.9936 
14 0.11550156 0.0064 1.0000 
15 0.00000000 0.00000000 1.0000 
16 0.00000000 0.00000000 1.0000 
17 0.00000000 0.00000000 1.0000 
18 0.00000000 0.00000000 1.0000 
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Table 2.11. Descriptive statistics for days to initial emergence of 13 maturity groups under 20°C 
and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 12 4.5 4.75 1.288 12 3.0 3.50 1.087 
00 44 6.0 6.50 2.510 45 4.0 4.56 2.106 
0 107 6.0 6.28 2.536 107 4.0 4.13 1.486 
I 163 6.0 6.34 2.455 165 4.0 4.39 1.595 
II 224 6.0 6.55 2.584 230 4.0 4.99 2.399 
III 231 6.0 6.11 2.528 221 4.0 4.54 2.273 
IV 336 5.0 6.24 2.519 327 4.0 4.81 3.330 
V 100 6.0 6.48 2.480 98 4.0 4.50 1.633 
VI 70 6.0 6.40 2.499 70 4.0 4.70 2.136 
VII 85 7.0 6.84 2.641 75 4.0 5.15 2.358 
VIII 66 7.5 7.35 3.010 62 5.0 5.52 2.331 
IX 26 7.0 7.62 3.299 25 5.0 5.80 2.291 
X 19 8.0 8.05 3.100 17 4.0 5.59 2.917 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.12. Descriptive statistics for days to initial emergence of 13 maturity groups under 20°C 
and 30°C in association panel 2. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
00 36 6.0 6.22 1.899 36 3.5 3.75 1.296 
0 42 5.0 5.69 1.712 40 4.0 4.18 2.218 
I 82 5.0 5.76 1.954 82 3.0 3.62 1.420 
II 141 5.0 5.60 1.946 141 3.0 3.62 1.169 
III 210 5.0 5.54 1.879 215 3.0 3.69 1.424 
IV 232 5.0 5.23 1.561 238 3.0 3.54 1.474 
V 87 6.0 6.21 2.268 87 4.0 3.94 1.558 
VI 42 5.0 5.64 1.590 40 3.0 3.45 1.413 
VII 22 5.5 6.32 2.438 23 3.0 3.43 1.080 
VIII 18 5.0 5.67 1.414 18 3.0 3.33 1.085 
X 10 6.0 6.60 2.066 12 4.0 4.42 1.165 
NAM 246 4.0 4.22 0.666 246 3.0 2.65 0.625 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.13. Descriptive statistics for days to 50% emergence of 13 maturity groups under 20°C 
and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 11 5.0 5.10 1.221 10 4.5 5.00 2.944 
00 41 8.0 8.49 2.590 40 5.0 5.65 2.155 
0 90 8.0 7.37 2.770 96 5.0 5.16 2.291 
I 139 8.0 7.55 2.875 149 5.0 5.72 2.653 
II 191 8.0 7.97 2.972 189 5.0 5.78 2.702 
III 198 8.0 7.39 2.799 179 5.0 5.32 2.393 
IV 282 8.0 7.40 2.840 258 5.0 5.50 2.768 
V 72 8.0 7.72 2.462 59 5.0 5.61 2.587 
VI 56 8.0 7.50 2.629 55 5.0 5.40 2.431 
VII 52 8.0 7.62 2.302 43 6.0 5.98 2.345 
VIII 48 8.0 8.23 2.746 41 6.0 6.54 2.123 
IX 17 8.0 7.35 2.090 14 5.5 5.86 2.107 
X 12 8.0 8.08 2.314 9 6.0 6.44 1.944 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.14. Descriptive statistics for days to initial emergence of 13 maturity groups under 20°C 
and 30°C in association panel 2. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
00 32 7.0 7.31 2.278 36 4.0 4.94 2.190 
0 38 6.50 7.39 3.045 34 4.0 4.94 2.173 
I 73 6.0 7.25 2.722 78 4.0 4.62 2.263 
II 126 6.0 6.66 2.210 128 4.0 4.45 1.915 
III 180 6.0 6.63 2.039 192 4.0 4.56 2.172 
IV 219 6.0 6.38 1.844 210 4.0 4.35 1.956 
V 64 7.0 7.17 1.956 65 4.0 4.88 2.459 
VI 35 6.0 6.80 2.587 33 3.0 4.24 2.250 
VII 14 9.5 8.93 2.814 14 4.0 4.64 1.781 
VIII 17 7.0 7.53 2.695 16 4.0 4.25 1.807 
X 7 7.0 7.14 1.345 12 5.5 6.17 2.623 
NAM 246 5.0 4.85 0.548 246 3.0 3.02 0.798 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.15. Descriptive statistics for mean days to emergence of 13 maturity groups under 20°C 
and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 12 5.9 5.45 1.375 12 3.9 4.37 1.367 
00 44 8.5 8.22 2.358 45 5.8 6.20 2.141 
0 107 7.6 7.69 2.504 107 5.0 5.28 1.865 
I 163 7.8 7.81 2.380 165 5.5 5.69 2.087 
II 224 8.0 8.09 2.490 230 5.6 6.04 2.545 
III 230 7.5 7.52 2.524 221 5.0 5.64 2.503 
IV 335 7.4 7.66 2.491 327 5.2 5.90 2.544 
V 100 7.3 7.70 2.187 97 5.0 5.57 2.189 
VI 70 8.0 7.68 2.322 70 5.2 5.72 2.237 
VII 85 8.0 8.16 2.186 73 6.0 6.17 2.380 
VIII 66 8.4 8.70 2.493 62 6.2 6.61 2.183 
IX 26 8.2 8.46 2.896 25 5.6 6.92 2.927 
X 19 8.0 8.89 2.652 17 5.3 6.26 2.647 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.16. Descriptive statistics for mean days to emergence of 13 maturity groups under 20°C 
and 30°C in association panel 2. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
00 36 7.6 7.46 1.874 36 4.7 5.00 1.974 
0 42 7.1 7.20 2.404 40 4.8 5.16 2.345 
I 83 6.8 7.10 2.118 82 4.0 4.59 1.839 
II 141 6.4 6.86 2.101 141 4.3 4.61 1.688 
III 210 6.4 6.80 1.861 215 4.3 4.68 1.721 
IV 232 6.0 6.47 1.636 238 4.0 4.55 1.820 
V 88 7.1 7.53 2.233 87 4.0 4.89 1.965 
VI 42 6.2 6.78 1.865 40 3.9 4.45 2.091 
VII 22 8.2 8.00 2.495 23 4.5 4.70 1.403 
VIII 18 6.7 7.15 1.670 18 4.5 4.74 1.489 
X 10 7.8 8.06 1.659 12 5.1 5.63 1.918 
NAM 246 4.8 4.94 0.595 246 3.0 3.09 0.864 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.17. Descriptive statistics for percentage of emergence (%) of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 12 100.0 95.00 17.321 12 80.0 76.67 26.742 
00 48 80.0 75.42 30.103 48 100.0 83.33 30.689 
0 114 80.0 76.14 31.129 114 80.0 77.72 28.627 
I 168 80.0 76.31 27.998 168 80.0 80.83 23.811 
II 234 80.0 74.79 28.798 234 80.0 76.15 27.619 
III 246 100.0 75.85 31.310 246 80.0 66.83 34.174 
IV 360 80.0 74.72 31.276 360 80.0 67.11 33.950 
V 120 60.0 55.83 35.351 120 40.0 47.83 34.329 
VI 78 80.0 67.18 35.452 78 80.0 65.64 34.701 
VII 90 60.0 60.22 32.64 90 40.0 46.89 33.273 
VIII 72 70.0 64.72 33.313 72 60.0 55.56 34.433 
IX 30 60.0 54.67 38.572 30 40.0 50.00 34.740 
X 24 50.0 50.83 39.991 24 20.0 33.33 29.879 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.18. Descriptive statistics for percentage of emergence (%) of 13 maturity groups under 
20°C and 30°C in association panel 2. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
00 36 80.0 81.67 22.104 36 100.0 92.22 11.979 
0 42 90.0 82.86 20.516 42 80.0 74.76 30.623 
I 84 100.0 80.00 26.707 84 100.0 85.71 23.351 
II 144 100.0 84.03 24.072 144 100.0 83.47 23.926 
III 216 80.0 79.17 26.820 216 90.0 81.20 24.255 
IV 240 100.0 85.33 23.817 240 100.0 82.67 23.915 
V 96 80.0 65.42 33.901 96 60.0 61.46 30.744 
VI 42 80.0 77.14 25.210 42 80.0 73.81 33.199 
VII 24 60.0 55.00 32.437 24 60.0 60.83 28.577 
VIII 18 80.0 78.89 18.752 18 100.0 85.56 21.481 
X 12 60.0 58.33 38.573 12 80.0 81.67 15.859 
NAM 246 100.0 98.21 5.998 246 100.0 97.48 7.989 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.19. Descriptive statistics for days to flowering of 13 maturity groups under 20°C and 30°C 
in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 46.5 46.33 7.312 6 25.0 25.33 0.516 
00 24 43.0 43.58 4.159 20 27.0 27.40 2.522 
0 56 48.0 49.73 9.088 54 29.0 29.43 3.100 
I 81 52.0 54.69 10.105 82 32.0 33.44 4.887 
II 112 66.0 71.48 21.921 113 39.0 40.12 8.338 
III 114 65.5 73.26 23.726 102 43.0 42.74 8.717 
IV 163 93.0 92.99 23.805 153 54.0 53.18 11.471 
V 39 119.0 112.28 22.911 39 62.0 66.44 18.736 
VI 35 121.0 118.69 18.669 31 71.0 70.90 12.682 
VII 39 138.0 134.62 21.585 31 83.0 95.58 35.131 
VIII 19 145.0 149.16 25.529 19 128.0 123.68 33.061 
IX 9 140.0 154.64 30.897 9 147.0 156.44 45.014 
X 2 173.0 164.67 29.400 2 180.5 180.50 71.148 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.20. Descriptive statistics for no. of trifoliate leaf at flowering of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 8.5 12.17 9.065 6 5.5 5.83 1.472 
00 24 6.0 6.58 2.430 20 4.5 5.45 2.350 
0 56 10.5 11.39 6.635 54 6.0 6.83 2.867 
I 81 14.0 16.59 11.284 82 8.0 8.66 4.622 
II 111 21.0 23.77 15.734 113 10.0 12.61 8.561 
III 114 22.0 28.48 25.727 102 11.5 13.12 9.058 
IV 164 30.0 38.25 23.723 152 20.0 21.39 12.417 
V 39 56.0 59.64 28.752 39 30.0 34.15 22.094 
VI 35 62.0 67.37 33.153 31 30.0 36.68 22.453 
VII 39 57.0 63.64 41.644 31 55.0 62.87 34.227 
VIII 25 49.0 51.52 39.514 19 58.0 81.32 52.417 
IX 11 45.0 54.73 37.850 9 118.0 132.22 82.058 
X 3 65.0 55.33 23.072 2 50.0 50.00 25.456 
aMG, maturity group; bn, no. of observations; cSD, standard deviation. 
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Table 2.21. Descriptive statistics for internode number of first flower of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 5.0 4.83 1.329 6 4.0 3.83 0.408 
00 24 4.0 4.71 1.757 20 4.5 4.55 0.759 
0 56 4.0 4.79 1.846 54 4.0 4.61 1.172 
I 81 4.0 5.26 2.132 82 5.0 5.28 2.145 
II 111 5.0 6.05 2.980 113 5.0 5.78 2.382 
III 113 6.0 6.75 3.133 102 6.0 6.30 2.621 
IV 164 6.0 7.09 4.334 152 6.0 6.98 3.602 
V 39 4.0 5.10 3.803 39 5.0 7.03 5.102 
VI 35 5.0 6.57 4.500 31 7.0 8.71 5.362 
VII 39 5.0 8.15 7.693 31 12.0 11.74 7.335 
VIII 24 4.0 5.54 3.599 19 18.0 16.74 6.975 
IX 11 4.0 5.00 3.950 9 18.0 16.44 7.683 
X 3 5.0 8.67 7.234 2 17.0 17.00 1.414 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.22. Descriptive statistics for no. of internodes at flowering of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 10.0 11.17 4.792 6 11.5 11.83 2.317 
00 24 8.0 7.92 1.139 20 9.0 8.60 1.231 
0 56 9.0 9.63 2.111 54 9.0 8.98 1.511 
I 81 10.0 11.10 2.879 82 9.0 9.66 2.110 
II 111 13.0 13.69 4.406 112 11.0 11.49 2.910 
III 114 13.0 14.01 4.312 102 12.0 11.78 3.470 
IV 164 18.0 17.71 5.069 152 15.0 14.50 4.438 
V 39 22.0 20.97 4.283 39 18.0 17.41 4.993 
VI 35 20.0 20.86 5.270 31 18.0 17.42 5.347 
VII 39 21.0 22.21 5.745 31 21.0 22.13 6.201 
VIII 25 23.0 24.44 4.874 19 28.0 29.00 7.520 
IX 11 27.0 27.46 6.105 9 33.0 32.56 5.411 
X 3 27.0 25.00 5.292 2 34.5 34.50 0.707 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.23. Descriptive statistics for plant height (cm) at flowering of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 20°C 30°C 
 nb Median Mean SDc nb Median Mean SDc 
000 6 32.9 40.03 32.110 6 23.3 30.32 20.923 
00 24 11.8 13.33 4.680 20 14.3 15.41 4.258 
0 56 13.15 16.11 11.022 54 12.6 14.53 9.538 
I 81 16.1 19.31 11.432 82 14.9 17.58 10.053 
II 111 17.0 23.31 20.080 113 18.4 24.24 21.273 
III 114 19.8 25.30 22.903 102 17.5 20.23 13.161 
IV 164 29.2 40.00 33.353 152 27.4 39.86 33.250 
V 39 34.0 51.71 45.298 39 37.4 47.63 30.876 
VI 35 33.5 50.75 37.013 31 43.2 79.17 69.616 
VII 39 35.0 63.03 69.547 31 89.2 105.87 77.162 
VIII 25 45.5 57.99 45.754 19 208.8 173.70 73.060 
IX 11 56.0 72.01 42.06 7 172.1 187.90 28.578 
X 3 41.0 42.77 8.686 2 151.4 151.35 121.980 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.24. Descriptive statistics for days to seed set of 13 maturity groups under 20°C and 30°C 
in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 50.5 49.83 7.250 6 31.0 30.33 2.503 
00 24 48.5 48.96 6.423 19 35.0 35.58 4.682 
0 56 53.0 56.93 10.641 54 38.0 40.54 6.561 
I 80 63.0 65.66 13.573 80 50.0 49.28 7.251 
II 111 79.0 83.51 22.588 113 57.0 56.68 8.965 
III 114 78.5 86.69 29.421 102 63.0 64.56 11.707 
IV 164 113.5 109.87 27.276 152 75.0 84.30 31.295 
V 38 129.0 130.08 29.268 35 107.0 115.51 41.792 
VI 34 139.5 140.88 25.467 24 123.0 115.00 33.285 
VII 36 148.0 156.42 26.936 17 129.0 134.76 27.667 
VIII 16 179.0 166.06 24.253 4 170.0 162.00 52.915 
IX 9 182.0 175.29 20.966     
X 3 189.0 190.00 1.732     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
 
 
 
 
 
 
 
 
 
 
 
 
190 
 
Table 2.25. Descriptive statistics for no. of pod at seed set of 13 maturity groups under 20°C and 
30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 1.0 1.33 0.516 6 2.0 1.83 0.753 
00 24 1.0 1.63 0.770 19 1.0 1.89 1.410 
0 56 1.0 1.36 0.616 54 1.0 1.54 1.041 
I 80 1.0 1.39 0.738 80 1.0 1.74 1.064 
II 111 1.0 2.61 6.478 113 1.0 1.72 1.184 
III 114 1.0 3.48 10.634 102 1.0 1.73 1.429 
IV 164 2.0 5.27 8.111 152 1.0 2.25 2.011 
V 38 3.0 7.82 9.753 35 1.0 2.43 2.500 
VI 33 7.0 11.67 14.634 24 1.0 2.42 2.843 
VII 36 3.5 8.92 14.962 17 2.0 2.35 1.618 
VIII 16 3.0 5.75 7.655 4 3.0 12.00 19.425 
IX 7 1.0 2.57 2.699     
X 3 2.0 2.67 2.082     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.26. Descriptive statistics for no. of trifoliate leaf at seed set of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 9.0 13.83 10.889 6 7.5 9.33 3.933 
00 24 8.0 9.17 3.807 19 8.0 9.21 3.881 
0 56 14.0 16.57 9.674 54 13.0 14.48 7.811 
I 80 25.0 25.85 15.036 80 19.0 20.00 8.777 
II 111 28.0 30.64 16.374 113 23.0 26.34 15.525 
III 114 28.5 34.82 25.715 102 25.5 30.95 19.169 
IV 162 35.5 42.64 25.709 152 36.5 44.22 28.951 
V 37 53.0 60.32 37.020 35 52.0 73.20 62.161 
VI 32 56.5 71.28 62.027 24 73.0 72.63 44.96 
VII 36 68.0 60.39 38.777 17 131.0 122.65 44.755 
VIII 16 34.5 43.31 38.064 4 54.0 60.50 49.890 
IX 7 31.0 45.14 42.924     
X 3 55.0 54.33 25.007     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.27. Descriptive statistics for days to seed maturity of 13 maturity groups under 20°C and 
30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 89.0  88.67 14.774 6 70.0 65.50 9.545 
00 24 91.5 93.71 8.800 20 82.0 84.25 16.629 
0 56 99.0 106.02 16.559 53 83.0 83.94 11.875 
I 80 122.0 120.70 19.496 80 92.0 92.79 7.918 
II 112 144.0 142.07 23.534 112 100.0 101.02 11.777 
III 112 141.0 141.42 26.359 102 110.0 112.85 15.225 
IV 151 156.0 161.05 22.226 144 122.0 128.73 24.473 
V 34 176.0 176.62 21.459 31 165.0 164.29 33.819 
VI 23 182.0 181.26 21.149 21 174.0 170.43 41.719 
VII 15 196.0 188.67 20.187 11 195.0 194.00 21.522 
VIII 6 196.0 196.83 10.759 2 195.0 195.00 50.912 
IX 1 205.0 205.00 0.000     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
 
 
 
 
 
 
 
 
 
 
 
 
 
193 
 
Table 2.28. Descriptive statistics for no. of mature pod at seed maturity of 13 maturity groups 
under 20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 2.0 3.67 2.875 6 2.0 1.83 0.753 
00 24 2.0 2.13 1.076 20 1.0 1.60 1.188 
0 55 3.0 5.27 5.927 53 1.0 1.91 1.457 
I 72 4.0 6.40 6.628 80 2.0 2.25 1.571 
II 81 5.0 7.93 7.219 113 2.0 2.28 2.161 
III 80 4.0 7.15 7.548 102 2.0 2.63 2.509 
IV 91 3.0 5.42 6.608 143 2.0 2.34 1.972 
V 25 3.0 6.76 8.753 30 2.0 2.83 2.053 
VI 17 1.0 3.41 6.727 19 1.0 2.74 3.380 
VII 12 2.0 2.17 0.718 9 2.0 3.11 3.140 
VIII 6 1.0 1.50 0.837 2 1.0 1.00 0.000 
IX 1 4.0 4.00 0.000     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.29. Descriptive statistics for no. of trifoliate leaf at seed maturity of 13 maturity groups 
under 20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 10.0 8.50 4.889 6 5.0 5.33 2.658 
00 24 5.0 4.83 4.967 20 3.5 5.00 4.867 
0 55 5.0 6.69 6.236 54 7.5 8.46 8.137 
I 80 5.5 7.25 6.468 80 12.0 14.43 13.847 
II 112 2.0 4.22 5.389 112 12.0 15.50 12.879 
III 113 5.0 6.40 9.395 102 13.5 16.61 12.566 
IV 152 4.0 6.93 8.357 151 18.0 26.36 27.297 
V 35 8.0 19.23 25.092 36 35.0 41.58 41.328 
VI 23 18.0 24.83 27.047 26 36.5 46.08 38.305 
VII 15 17.0 29.80 29.197 29 63.0 65.79 45.856 
VIII 7 5.0 6.00 6.733 25 65.0 74.52 47.916 
IX 1 15.0 15.00 0.000 10 88.0 109.8 62.366 
X     6 83.5 81.50 37.697 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.30. Descriptive statistics for no. of internodes at seed maturity of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 10.5 10.33 3.011 6 14.0 14.83 2.994 
00 24 9.0 8.79 1.615 20 10.0 10.75 2.221 
0 55 11.0 11.64 3.369 54 12.5 12.57 3.622 
I 80 14.0 14.41 3.485 80 15.0 15.34 4.000 
II 112 15.5 16.41 4.651 113 16.0 16.24 3.771 
III 113 16.0 16.29 4.603 102 19.0 19.33 5.270 
IV 152 20.0 19.54 5.998 151 22.0 22.17 6.424 
V 35 22.0 22.31 9.740 36 24.0 25.61 7.488 
VI 23 20.0 20.61 8.516 28 23.0 24.18 7.349 
VII 15 21.0 18.67 7.584 30 29.0 28.33 8.256 
VIII 7 22.0 15.86 12.103 25 35.0 35.00 9.055 
IX 1 22.0 22.00 0.000 10 39.0 38.30 8.769 
X     6 42.0 41.50 4.278 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.31. Descriptive statistics for plant height (cm) at seed maturity of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 33.3 45.00 34.639 6 90.1 110.05 76.311 
00 24 17.2 19.33 8.393 20 32.4 43.52 31.831 
0 55 20.2 26.68 19.528 54 25.0 40.55 37.498 
I 79 26.3 33.30 21.369 79 34.0 49.13 39.397 
II 111 24.0 31.39 22.871 112 36.8 51.26 38.179 
III 112 26.7 34.01 24.961 102 45.8 67.79 53.465 
IV 152 36.9 51.29 48.850 151 89.2 101.02 71.964 
V 35 43.6 66.01 48.785 36 97.5 109.78 83.208 
VI 23 44.8 61.09 41.121 28 83.9 112.44 75.388 
VII 15 38.8 71.51 64.904 30 86.5 130.39 95.24 
VIII 7 50.2 50.19 10.440 25 200.4 175.31 70.256 
IX 1 43.8 43.80 0.000 10 205.6 179.61 56.302 
X     6 247.4 223.03 83.744 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.32. Descriptive statistics for last day to seed maturity of 13 maturity groups under 20°C 
and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 112.0 107.00 13.069 6 136.0 134.17 16.630 
00 24 109.0 112.42 17.209 19 118.0 120.11 14.302 
0 52 121.0 122.17 17.594 53 111.9 114.51 23.675 
I 79 139.0 141.30 25.400 78 117.5 123.31 18.571 
II 107 158.0 158.80 25.535 112 132.0 133.88 20.960 
III 101 158.0 159.53 27.155 102 145.0 147.58 30.253 
IV 122 182.0 179.07 19.668 138 151.0 160.22 30.460 
V 17 189.0 189.35 15.624 24 195.0 183.63 32.235 
VI 9 189.0 189.89 18.651 12 172.5 170.25 36.111 
VII 5 202.0 197.2 16.239 5 208.0 215.6 12.341 
VIII 1 212.0 212.00 0.000 1 208.0 208.00 0.000 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.33. Descriptive statistics for days from flowering to seed set of 13 maturity groups under 
20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 4.0 3.50 1.643 6 5.5 5.00 2.191 
00 24 5.5 5.38 3.954 19 7.0 8.00 3.742 
0 56 7.0 7.20 4.704 54 10.0 11.11 4.871 
I 80 10.0 11.09 6.497 80 16.0 15.86 5.163 
II 111 10.0 12.41 8.618 113 16.0 16.57 5.646 
III 114 10.0 13.43 10.199 102 21.0 21.82 9.563 
IV 163 14.0 16.44 12.529 152 25.0 31.17 24.629 
V 38 15.0 17.21 11.878 35 44.0 51.97 31.829 
VI 34 18.0 22.79 13.151 23 50.0 46.00 23.339 
VII 36 25.5 25.47 15.372 17 48.0 56.35 30.871 
VIII 16 27.5 26.63 17.519 4 64.5 65.50 39.281 
IX 7 42.0 37.86 17.180     
X 3 16.0 25.33 28.184     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.34. Descriptive statistics for days from seed set to seed maturity of 13 maturity groups 
under 20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 38.5 38.83 9.065 6 39.5 35.17 8.329 
00 24 45.0 44.75 5.202 19 45.0 48.84 16.952 
0 56 48.0 49.09 9.114 53 42.0 43.51 9.601 
I 80 54.0 55.56 11.823 80 43.0 43.51 5.603 
II 111 59.0 58.29 11.569 112 44.5 44.31 7.773 
III 112 55.0 55.51 13.893 102 47.0 48.29 10.193 
IV 151 55.0 55.19 15.027 143 48.0 48.87 10.154 
V 34 53.0 51.50 14.031 29 52.0 55.38 18.192 
VI 23 50.0 50.30 17.442 18 52.0 58.56 15.104 
VII 15 59.0 55.47 15.282 8 55.5 58.88 24.275 
VIII 6 56.5 51.83 18.126 2 77.0 77.00 25.456 
IX 1 76.0 76.00 0.000     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.35. Descriptive statistics for days from flowering to seed maturity of 13 maturity groups 
under 20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 43.0 42.33 9.647 6 44.5 40.17 9.283 
00 24 49.0 50.13 6.347 20 55.5 56.85 16.368 
0 56 55.5 56.29 12.345 53 55.0 54.55 10.334 
I 80 67.0 66.13 14.708 80 60.0 59.38 6.837 
II 112 68.5 70.59 16.358 112 61.0 60.84 10.710 
III 112 66.0 68.60 15.887 102 68.0 70.12 15.133 
IV 151 68.0 70.55 17.331 143 72.0 76.23 19.737 
V 34 66.5 66.41 11.271 29 94.0 100.62 27.562 
VI 23 73.0 68.87 18.124 17 87.0 95.88 29.485 
VII 15 68.0 70.53 9.891 8 114.0 115.88 15.995 
VIII 6 80.0 74.83 12.561 2 115.0 115.00 52.326 
IX 1 81.0 81.00 0.000     
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.36. Descriptive statistics for days from first to last day of seed maturity of 13 maturity 
groups under 20°C and 30°C in association panel 1. 
MGa 
20°C 30°C 
nb Median Mean SDc nb Median Mean SDc 
000 6 12.5 18.33 16.741 6 67.5 68.67 11.518 
00 24 14.5 18.71 13.917 19 37.0 39.05 16.457 
0 52 14 16.08 11.045 52 25.5 30.33 21.520 
I 79 17.0 20.32 14.816 78 26.0 30.44 18.185 
II 107 16.0 17.92 11.616 111 27.0 32.52 19.730 
III 99 21.0 21.62 12.414 102 27.0 34.73 24.856 
IV 122 24.0 23.56 11.452 138 29.0 33.65 20.337 
V 17 29.0 26.82 13.662 24 32.0 31.17 16.911 
VI 9 23.0 26.33 15.452 12 22.0 26.42 13.304 
VII 5 23.0 22.00 7.036 5 25.0 28.4 7.733 
VIII 1 30.0 30.00 0.000 1 49.0 49.00 0.000 
aMG, maturity group; bn, no. of observations; cSD, standard deviation 
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Table 2.37. Analysis of variance (ANOVA) of four seed emergence traits in association panel 1. 
Traita Sourceb DFc Sum of 
Square 
Mean 
square 
F value Pr > F 
logDIE 
Temp 1 12.92 12.92 183.94 <.0001 
Room 2 238.93 119.46 1980.75 <.0001 
MG 12 4.87 0.41 3.71 0.0094 
Origin 34 5.67 0.17 2.77 <.0001 
Seed age  12 46.06 3.84 28.40 <.0001 
Seqcov 2 0.86 0.43 3.20 0.2167 
Temp*MG 12 1.45 0.12 2.00 0.0204 
Temp*Seed age 12 1.77 0.15 2.45 0.0036 
Temp*Seqcov 2 0.29 0.15 2.44 0.0875 
logDFE 
Temp 1 8.22 8.22 84.15 <.0001 
Room 2 188.86 94.43 1482.50 <.0001 
MG 12 4.94 0.41 4.12 0.0052 
Origin 34 7.82 0.23 3.61 <.0001 
Seed age  12 39.33 3.28 15.08 <.0001 
Seqcov 2 1.30 0.65 1.63 0.3746 
Temp*MG 12 1.30 0.11 1.71 0.0594 
Temp*Seed age 12 2.92 0.24 3.82 <.0001 
Temp*Seqcov 2 0.91 0.46 7.18 0.0008 
MDE 
Temp 1 455.03 455.03 162.60 <.0001 
Room 2 7706.72 3853.36 1595.33 <.0001 
MG 12 133.15 11.10 3.29 0.014 
Origin 34 270.26 7.95 3.29 <.0001 
Seed age  12 1618.71 134.89 14.86 <.0001 
Seqcov 2 20.05 10.03 2.51 0.2571 
Temp*MG 12 43.19 3.60 1.49 0.1201 
Temp*Seed age 12 122.41 10.20 4.22 <.0001 
Temp*Seqcov 2 8.54 4.27 1.77 0.171 
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Table 2.37. (cont) 
PE 
Temp 1 75398.00 75398.00 81.93 <.0001 
Room 2 594226.00 297113.00 459.28 <.0001 
MG 12 124579.00 10382.00 5.41 0.002 
Origin 34 112113.00 3297.43 5.10 <.0001 
Seed age  12 349563.00 29130.00 78.75 <.0001 
Temp*MG 12 26582.00 2215.15 3.42 <.0001 
Temp*Seed age 12 3878.36 323.20 0.50 0.9161 
alogDIE, logdays to initial emergence; logDFE, logdays to 50% emergence; MDE, mean days to 
emergence; and PE, percentage of emergence. bTemp, temperature; MG, maturity group; Seqcov, 
Sequence coverage; Temp*MG, temperature by maturity group interaction; Temp*Seed age, 
temperature by seed age interaction; Temp*Seqcov, temperature by sequence coverage interaction. 
cdegree of freedom. 
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Table 2.38. Analysis of variance (ANOVA) of four seed emergence traits in association panel 2. 
Traita Sourceb DFc Sum of 
Square 
Mean 
square 
F value Pr > F 
logDIE 
Temp 1 24.92 24.92 339.17 <.0001 
MG 9 6.29 0.70 7.30 0.0014 
Origin 19 3.17 0.17 2.15 0.0026 
SeedAge 13 39.87 3.07 42.81 <.0001 
SeqCoverage 2 0.22 0.11 2.00 0.2326 
Temp*MG 10 0.97 0.10 1.25 0.2519 
Temp*SeedAge 13 0.92 0.07 0.91 0.5399 
Temp*SeqCoverage 2 0.09 0.05 0.61 0.5446 
logDFE 
Temp 1 18.95 18.95 162.25 <.0001 
MG 9 7.10 0.79 10.58 0.0002 
Origin 19 3.88 0.20 2.51 0.0003 
SeedAge 13 35.91 2.76 20.67 <.0001 
SeqCoverage 2 0.06 0.03 0.19 0.8401 
Temp*MG 10 0.74 0.07 0.91 0.5231 
Temp*SeedAge 13 1.85 0.14 1.75 0.0457 
Temp*SeqCoverage 2 0.35 0.18 2.16 0.1153 
MDE 
Temp 1 636.38 636.38 143.05 <.0001 
MG 9 260.22 28.91 5.98 0.004 
Origin 19 125.29 6.59 3.03 <.0001 
SeedAge 13 1410.54 108.50 19.37 <.0001 
SeqCoverage 2 7.74 3.87 1.23 0.4087 
Temp*MG 10 50.48 5.05 2.32 0.0104 
Temp*SeedAge 13 79.82 6.14 2.82 0.0005 
Temp*SeqCoverage 2 6.95 3.47 1.59 0.2032 
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Table 2.38. (cont.) 
PE 
Temp 1 16.89 16.89 0.03 0.8575 
MG 10 81007.00 8100.73 10.75 0.0001 
Origin 19 28901.00 1521.12 3.28 <.0001 
SeedAge 13 142021.00 10925.00 33.92 <.0001 
Temp*MG 11 8658.08 787.10 1.70 0.0685 
Temp*SeedAge 13 3907.73 300.59 0.65 0.8152 
alogDIE, logdays to initial emergence; logDFE, logdays to 50% emergence; MDE, mean days to 
emergence; and PE, percentage of emergence. bTemp, temperature; MG, maturity group; Seqcov, 
Sequence coverage; Temp*MG, temperature by maturity group interaction; Temp*Seed age, 
temperature by seed age interaction; Temp*Seqcov, temperature by sequence coverage interaction. 
cdegree of freedom. 
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Table 2.39. Analysis of variance (ANOVA) of five traits measured at flowering stage across 13 
maturity groups and two temperature levels in association panel 1. 
Traita Sourceb DFc Sum of 
Square 
Mean square F value Pr > F 
DTF 
Temp 1 307608.00 307608.00 711.71 <.0001 
MG 12 805266.00 67106.00 76.95 <.0001 
Geno(MG) 251 254639.00 1014.50 2.27 <.0001 
Temp*Geno(MG) 244 111305.00 456.17 4.49 <.0001 
TLF 
Temp 1 31777.00 31777.00 48.84 <.0001 
MG 12 365571.00 30464.00 32.15 <.0001 
Geno(MG) 251 270680.00 1078.41 1.61 <.0001 
Temp*Geno(MG) 244 166339.00 681.72 3.07 <.0001 
INF 
Temp 1 232.63 232.63 12.79 0.0004 
MG 12 3023.01 251.92 10.19 <.0001 
Geno(MG) 251 6863.38 27.34 1.48 0.0011 
Temp*Geno(MG) 244 4576.85 18.76 1.80 <.0001 
NIF 
Temp 1 954.07 954.07 63.03 <.0001 
MG 12 25550.00 2129.19 46.48 <.0001 
Geno(MG) 251 13308.00 53.02 3.43 <.0001 
Temp*Geno(MG) 244 3823.07 15.67 2.01 <.0001 
PHF 
Temp 1 23825.00 23825.00 18.14 <.0001 
MG 12 690685.00 57557.00 18.35 <.0001 
Geno(MG) 251 918627.00 3659.87 2.70 <.0001 
Temp*Geno(MG) 244 336898.00 1380.73 3.28 <.0001 
aDTF, days to flowering; TLF, no. of trifoliate leaf at flowering; INF, internode no. of first flower; 
NIF, no. of internodes at flowering; and PHF, plant height (cm) at flowering. bTemp, temperature; 
MG, maturity group; Geno(MG), genotype nested within maturity group; and Temp*Geno(MG), 
temperature by genotype nested within maturity group interaction. cdegree of freedom. 
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Table 2.40. Analysis of variance (ANOVA) of three traits measured at seed set across 13 maturity 
groups and two temperature levels in association panel 1. 
Traita Sourceb DFc Sum of 
Square 
Mean square F value Pr > F 
DTS 
Temp 1 116978.00 116978.00 175.31 <.0001 
MG 12 944859.00 78738.00 62.70 <.0001 
Geno(MG) 244 366875.00 1503.58 2.20 <.0001 
Temp*Geno(MG) 226 158598.00 701.76 3.80 <.0001 
TLS 
Temp 1 1122.93 1122.93 1.26 0.2627 
MG 12 343009.00 28584.00 19.31 <.0001 
Geno(MG) 244 421291.00 1726.60 1.91 <.0001 
Temp*Geno(MG) 225 208111.00 924.94 2.31 <.0001 
NPS 
Temp 1 1154.75 1154.75 28.78 <.0001 
MG 12 3943.15 328.60 6.35 <.0001 
Geno(MG) 244 13738.00 56.30 1.40 0.0049 
Temp*Geno(MG) 225 9147.15 40.65 1.25 0.0159 
aDTS, days to seed set; TLS, no. of trifoliate leaf at seed set; and NPS, no. of pod at seed set; NIF. 
bTemp, temperature; MG, maturity group; Geno(MG), genotype nested within maturity group; and 
Temp*Geno(MG), temperature by genotype nested within maturity group interaction. cdegree of 
freedom. 
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Table 2.41. Analysis of variance (ANOVA) of six traits measured at seed maturity across 13 
maturity groups and two temperature levels in association panel 1. 
Traita Sourceb DFc Sum of 
Square 
Mean 
square 
F value Pr > F 
DTM 
Temp 1 191742.00 191742.00 311.49 <.0001 
MG 11 668784.00 60799.00 63.30 <.0001 
Geno(MG) 232 269508.00 1161.67 1.83 <.0001 
Temp*Geno(MG) 216 141625.00 655.67 3.85 <.0001 
TLM 
Temp 1 64324.00 64324.00 133.15 <.0001 
MG 12 152816.00 12735.00 16.92 <.0001 
Geno(MG) 249 214893.00 863.02 1.75 <.0001 
Temp*Geno(MG) 227 114014.00 502.26 1.94 <.0001 
NIM 
Temp 1 1762.17 1762.17 53.10 <.0001 
MG 12 22182.00 1848.51 25.29 <.0001 
Geno(MG) 249 21568.00 86.62 2.53 <.0001 
Temp*Geno(MG) 228 7951.86 34.88 2.46 <.0001 
NPM 
Temp 1 466.19 466.19 14.02 0.0007 
MG 11 737.40 67.04 1.24 0.3638 
Temp*MG 10 570.10 57.01 2.57 0.0045 
PHM 
Temp 1 384147.00 384147.00 148.53 <.0001 
MG 12 631717.00 52643.00 9.25 <.0001 
Geno(MG) 249 1683659.00 6761.68 2.53 <.0001 
Temp*Geno(MG) 228 622742.00 2731.33 2.88 <.0001 
LDTM 
Temp 1 53494.00 53494.00 65.62 <.0001 
MG 10 394428.00 39443.00 34.16 <.0001 
Geno(MG) 212 286857.00 1353.10 1.61 0.0004 
Temp*Geno(MG) 196 169406.00 864.32 2.94 <.0001 
aDTM, days to seed maturity; TLM, no. of trifoliate leaf at seed maturity; NIM, no. of internodes 
at seed maturity; NPM, no. of mature pod at seed maturity; PHM, plant height (cm) at seed 
maturity; and LDTM, last day to seed maturity. bTemp, temperature; MG, maturity group; 
Geno(MG), genotype nested within maturity group; and Temp*Geno(MG), temperature by 
genotype nested within maturity group interaction. cdegree of freedom. 
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Table 2.42. Analysis of variance (ANOVA) of four growth period traits across 13 maturity groups 
and two temperature levels in association panel 1. 
Traita Sourceb DFc Sum of 
Square 
Mean 
square 
F value Pr > F 
FTS 
Temp 1 43348.00 43348.00 102.73 <.0001 
Geno 256 196008.00 765.66 1.78 <.0001 
Temp*Geno 225 99883.00 443.92 4.04 <.0001 
STM 
Temp 1 10869.00 10869.00 58.86 <.0001 
MG 11 9100.95 827.36 2.85 0.0015 
Geno(MG) 230 79953.00 347.62 1.84 <.0001 
Temp*Geno(MG) 214 41564.00 194.22 2.60 <.0001 
FTM 
Temp 1 3294.62 3294.62 7.08 0.0084 
MG 11 69347.00 6304.32 11.86 <.0001 
Geno(MG) 230 145691.00 633.44 1.32 0.019 
Temp*Geno(MG) 213 105509.00 495.35 4.40 <.0001 
FTLDM 
Temp 1 35900.00 35900.00 103.99 <.0001 
MG 10 7880.16 788.02 1.94 0.0402 
Geno(MG) 212 95071.00 448.45 1.28 0.0398 
Temp*Geno(MG) 196 69965.00 356.96 1.62 <.0001 
aFTS, days from flowering to seed set; STM, days from seed set to seed maturity; FTM, days from 
flowering to seed maturity; and FTLDM, days from first to last day of seed maturity. bTemp, 
temperature; MG, maturity group; Geno(MG), genotype nested within maturity group; and 
Temp*Geno(MG), temperature by genotype nested within maturity group interaction. cdegree of 
freedom. 
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Table 2.43. Information on significant SNP-multitrait associations at FDR=0.05.  
Mulit-trait SNPa CHRb POSc UFSd DFSe PUSf PDSg DBFSh 
PHF_30 + 
TLF_30 + 
SMDPHF 
ss715581055 2 12242977 ss715581054 ss715581056 12235906 12296367 60461 
PHF_30 + 
TLF_30 
ss715581144 2 13192483 ss715581142 ss715581146 13155581 13213738 58157 
PHF_30 + 
TLF_30 
ss715581146 2 13213738 ss715581144 ss715581147 13192483 13216888 24405 
PHF_30 + 
TLF_30 
ss715581147 2 13216888 ss715581146 ss715581154 13213738 13352920 139182 
PHF_30 + 
TLF_30 
ss715581154 2 13352920 ss715581154 ss715581155 13352920 13353533 613 
PHF_30 + 
TLF_30 
ss715581155 2 13353533 ss715581154 ss715581164 13352920 13380146 27226 
TLM_20 + 
TLM_30 
ss715590251 5 25961968 ss715590243 ss715590255 25719450 26029139 309689 
DTF_20 + 
DTS_20 
ss715593815 6 19321023 ss715593814 ss715593816 19261720 19354163 92443 
DTF_20 + 
DTS_20 
ss715593866 6 20940014 ss715593865 ss715593868 20916554 20991944 75390 
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Table 2.43. (cont.) 
DTS_30 + 
FTS_30 
ss715595133 6 4941014 ss715594967 ss715595222 4835287 5001043 165756 
PHF_30 + 
TLF_30 
ss715609331 11 26250881 ss715609328 ss715609332 26243402 26281733 38331 
PHF_30 + 
TLF_30 
ss715609333 11 26293814 ss715609332 ss715609334 26281733 26310908 29175 
PHF_30 + 
TLF_30 
ss715609342 11 26382643 ss715609339 ss715609344 26380977 26404576 23599 
DTF_30 + 
TLF_30 
ss715629356 18 1776744 ss715629342 ss715629358 1766166 1780172 14006 
SMDFTLDM 
+ SMDFTM 
ss715632951 18 9703608 ss715632950 ss715632953 9695721 9716661 20940 
aSNP, single nucleotide polymorphism significant at FDR=0.05; bCHR, chromosome number; cPOS, position of significant SNP; dUFS, 
upstream flanking SNP; eDFS, downstream flanking SNP; fPUS, position of upstream flanking SNP; gPDS, position of downstream 
flanking SNP; hDBFS, distance between flanking SNPs. 
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Table 2.44. Potential candidate genes and their annotated functions for significant SNP-trait associations in soybean.  
Trait SNPa GM / PG
b DFSNPc PFAMd AFe 
PHF_30 + 
TLF_30 +  
SMDPHF 
ss715581055 
Glyma.02G122900 
within 
20kbp 
BSD domain 
AT1G26300.1: Molecular function 
unknown. 
Glyma.02G123000 
within 
20kbp 
Serine 
carboxypeptidase 
S28 
AT5G22860.1: FUNCTIONS IN: 
Serine-type peptidase activity, 
peptidase activity. 
Glyma.02G122800 
within 
50kbp 
Nil 
AT2G03830.1: Encodes a root 
meristem growth factor (RGF). 
Belongs to a family of functionally 
redundant homologous peptides that 
are secreted, tyrosine-sulfated, and 
expressed mainly in the stem cell area 
and the innermost layer of central 
columella cells. RGFs are required 
for maintenance of the root stem cell 
niche and transit amplifying cell 
proliferation. 
Glyma.02G123100 
within 
50kbp 
Prolyl 
oligopeptidase, N-
terminal beta-
propeller 
domainJGIN/AIEA 
AT1G69020.1: FUNCTIONS IN: 
Serine-type peptidase activity, serine-
type endopeptidase activity. 
Glyma.02G123200 
within 
50kbp 
PF10250 (GDP-
fucose protein O-
fucosyltransferase 
AT5G15740.1: Function unknown. 
Glyma.02G123300 
within 
100kbp 
Nil 
AT4G24490.1: RAB geranylgeranyl 
transferase alpha subunit 1 (RGTA1); 
FUNCTIONS IN: Protein 
prenyltransferase activity. 
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Table 2.44. (cont.) 
  
Glyma.02G123400 
within 
100kbp 
PF00010  
(Helix-loop-helix 
DNA-binding 
domain) 
AT1G69010.1: Encodes BES1-
INTERACTING MYC-LIKE 2 
(BIM2), a PAR1 (PHYTOCHROME 
RAPIDLY REGULATED 1)-
interacting protein that positively 
modulates the shade avoidance 
syndrome in Arabidopsis seedlings. 
Glyma.02G122700 
within 
100kbp 
Nil 
AT2G03810.1: 18S pre-ribosomal 
assembly protein gar2-related; 
molecular function unknown. 
PHF_30 + 
TLF_30 
ss715581144 
Glyma.02G129000 
within 
20kbp 
Nil 
AT1G26170.1: FUNCTIONS IN: 
Protein transporter activity, binding. 
Glyma.02G129100 
within 
50kbp 
PF00010  
(Helix-loop-helix 
DNA-binding 
domain) 
AT3G24140: Encodes a basic helix-
loop-helix transcription factor whose 
activity is required to promote 
differentiation of stomatal guard cells 
and to halt proliferative divisions in 
their immediate precursors.  The 
promotion of guard cell fate and in 
controlling the transition from guard 
mother cell to guard cell. 
Glyma.02G128900 
within 
50kbp 
PF03810 (Importin-
beta N-terminal 
domain) 
AT1G26170.1: FUNCTIONS IN: 
Protein transporter activity, binding. 
Glyma.02G128800 
within 
100kbp 
PF06880 (Protein of 
unknown function 
(DUF1262) 
AT1G13480.1: Protein of unknown 
function (DUF1262). 
Glyma.02G129200 
within 
100kbp 
PF01966  
(HD domain) 
AT1G26160.1: Metal-dependent 
phosphohydrolase; FUNCTIONS IN: 
catalytic activity. 
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Table 2.44. (cont.) 
  Glyma.02G128500 
within 
100kbp 
PF09991 (Predicted 
membrane protein 
(DUF2232)) 
AT1G26180.1: Protein of unknown 
function DUF2232. 
PHF_30 + 
TLF_30 
ss715581146 
Glyma.02G129100 
within 
10kbp 
PF00010  
(Helix-loop-helix 
DNA-binding 
domain) 
AT3G24140: Encodes a basic helix-
loop-helix transcription factor whose 
activity is required to promote 
differentiation of stomatal guard cells 
and to halt proliferative divisions in 
their immediate precursors.  The 
promotion of guard cell fate and in 
controlling the transition from guard 
mother cell to guard cell. 
Glyma.02G129200 
within 
50kbp 
PF01966  
(HD domain) 
AT1G26160.1: Metal-dependent 
phosphohydrolase; FUNCTIONS IN: 
catalytic activity. 
Glyma.02G129000 
within 
50kbp 
Nil 
AT1G26170.1: FUNCTIONS IN: 
Protein transporter activity, binding. 
Glyma.02G128900 
within 
100kbp 
PF03810 (Importin-
beta N-terminal 
domain) 
AT1G26170.1: FUNCTIONS IN: 
Protein transporter activity, binding. 
Glyma.02G129300 
within 
100kbp 
PF00069  
(Protein kinase 
domain) 
AT1G68690.1: Encodes a member of 
the proline-rich extensin-like receptor 
kinase (PERK) family. 
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Table 2.44. (cont.) 
PHF_30 + 
TLF_30 
ss715581147 
Glyma.02G129300 
within 
50kbp 
PF00069  
(Protein kinase 
domain) 
AT1G68690.1: Encodes a member of 
the proline-rich extensin-like receptor 
kinase (PERK) family. 
Glyma.02G129500 
within 
50kbp 
PF00122  
(E1-E2 ATPase) 
PF00702 (haloacid 
dehalogenase-like 
hydrolase) 
AT1G68710.1: ATPase E1-E2 type 
family protein / haloacid 
dehalogenase-like hydrolase family 
protein; FUNCTIONS IN: ATPase 
activity, coupled to transmembrane 
movement of ions, phosphorylative 
mechanism. 
Glyma.02G129700 
within 
50kbp 
PF06880 (Protein of 
unknown function 
(DUF1262)) 
AT1G13480.1: Protein of unknown 
function (DUF1262). 
Glyma.02G129200 
within 
50kbp 
PF01966 
(HD domain) 
AT1G26160.1: Metal-dependent 
phosphohydrolase; FUNCTIONS IN: 
Catalytic activity. 
Glyma.02G129100 
within 
50kbp 
PF00010  
(Helix-loop-helix 
DNA-binding 
domain) 
AT3G24140: Encodes a basic helix-
loop-helix transcription factor whose 
activity is required to promote 
differentiation of stomatal guard cells 
and to halt proliferative divisions in 
their immediate precursors.  The 
promotion of guard cell fate and in 
controlling the transition from guard 
mother cell to guard cell. 
Glyma.02G129800 
within 
50kbp 
PF00383 (Cytidine 
and deoxycytidylate 
deaminase zinc-
binding region) 
AT1G68720.1: Encodes the 
chloroplastic A-to-I tRNA editing 
enzyme. 
Glyma.02G130100 
within 
50kbp 
PF05180  
(DNL zinc finger) 
AT1G68730.1: Zim17-type zinc 
finger protein. 
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Table 2.44. (cont.) 
  Glyma.02G130200 
within 
50kbp 
PF03105  
(SPX domain) 
PF03124  
(EXS family). 
AT1G68740.1: Encodes PHO1; H1, a 
member of the PHO1 family. 
Involved in inorganic phosphate (Pi) 
transport and homeostasis. 
PHF_30 + 
TLF_30 
ss715581154 
Glyma.02G130200 
within 
20kbp 
PF03105  
(SPX domain) 
PF03124  
(EXS family). 
AT1G68740.1: Encodes PHO1; H1, a 
member of the PHO1 family. 
Involved in inorganic phosphate (Pi) 
transport and homeostasis. 
Glyma.02G130100 
within 
50kbp 
PF05180  
(DNL zinc finger) 
AT1G68730.1: Zim17-type zinc 
finger protein. 
Glyma.02G129700 
within 
100kbp 
PF06880 (Protein of 
unknown function 
(DUF1262)) 
AT1G13480.1: Protein of unknown 
function (DUF1262). 
Glyma.02G129800 
within 
100kbp 
PF00383 (Cytidine 
and deoxycytidylate 
deaminase zinc-
binding region) 
AT1G68720.1: Encodes the 
chloroplastic A-to-I tRNA editing 
enzyme. 
Glyma.02G130400 
within 
100kbp 
PF00195  
(Chalcone and 
stilbene synthases, 
N-terminal domain) 
AT5G13930.1: Encodes chalcone 
synthase (CHS), a key enzyme 
involved in the biosynthesis of 
flavonoids. Required for the 
accumulation of purple anthocyanins 
in leaves and stems. Also involved in 
the regulation of auxin transport and 
the modulation of root gravitropism. 
The mRNA is cell-to-cell mobile. 
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Table 2.44. (cont.) 
PHF_30 + 
TLF_30 
ss715581155 
Glyma.02G130200 
within 
50kbp 
PF03105  
(SPX domain) 
PF03124  
(EXS family). 
AT1G68740.1: Encodes PHO1; H1, a 
member of the PHO1 family. 
Involved in inorganic phosphate (Pi) 
transport and homeostasis. 
Glyma.02G130400 
within 
100kbp 
PF00195  
(Chalcone and 
stilbene synthases, 
N-terminal domain) 
AT5G13930.1: Encodes chalcone 
synthase (CHS), a key enzyme 
involved in the biosynthesis of 
flavonoids. Required for the 
accumulation of purple anthocyanins 
in leaves and stems. Also involved in 
the regulation of auxin transport and 
the modulation of root gravitropism. 
The mRNA is cell-to-cell mobile. 
Glyma.02G130600 
within 
100kbp 
PF00005  
(ABC transporter) 
PF01061 (ABC-2 
type transporter) 
AT3G25620.2: ABC-2 type 
transporter family protein; 
FUNCTIONS IN: ATPase activity, 
coupled to transmembrane movement 
of substances. 
Glyma.02G130100 
within 
100kbp 
PF05180  
(DNL zinc finger) 
AT1G68730.1: Zim17-type zinc 
finger protein. 
Glyma.02G129800 
within 
100kbp 
PF00383 (Cytidine 
and deoxycytidylate 
deaminase zinc-
binding region) 
AT1G68720.1: Encodes the 
chloroplastic A-to-I tRNA editing 
enzyme. 
Glyma.02G129700 
within 
100kbp 
PF06880 (Protein of 
unknown function 
(DUF1262) 
AT1G13480.1: Protein of unknown 
function (DUF1262). 
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Table 2.44. (cont.) 
TLM_20 + 
TLM_30 
ss715590251 
Glyma.05G097800 
within 
100kbp 
PF01266  
(FAD dependent 
oxidoreductase) 
AT5G67290.1: FAD-dependent 
oxidoreductase family protein; 
FUNCTIONS IN: Oxidoreductase 
activity. 
Glyma.05G097700 
within 
100kbp 
PF00544  
(Pectate lyase) 
AT3G53190.1: Pectin lyase-like 
superfamily protein. 
Glyma.05G097500 
within 
100kbp 
Nil 
AT5G03160.1: J domain protein 
localized in ER lumen. 
Glyma.05G097400 
within 
100kbp 
PF00560 (Leucine 
Rich Repeat) 
PF08263 (Leucine 
rich repeat N-
terminal domain) 
AT4G37250.1: Leucine-rich repeat 
protein kinase family protein; 
FUNCTIONS IN: Protein 
serine/threonine kinase activity, 
kinase activity, ATP binding. 
Glyma.05G097300 
within 
100kbp 
PF00134 (Cyclin, N-
terminal domain) 
PF02984 (Cyclin, C-
terminal domain) 
AT5G67260.1: Encode CYCD3;2, a 
CYCD3 D-type cyclin. Important for 
determining cell number in 
developing lateral organs. Mediating 
cytokinin effects in apical growth and 
development. 
Glyma.05G097900 
within 
100kbp 
PF01650  
(Peptidase C13 
family) 
AT1G62710.1: Encodes a vacuolar 
processing enzyme belonging to a 
novel group of cysteine proteases that 
is expressed specifically in seeds and 
is essential for the proper processing 
of storage proteins. 
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Table 2.44. (cont.) 
  Glyma.05G098000 
within 
100kbp 
PF00224 (Pyruvate 
kinase, barrel 
domain) 
AT3G52990.1: Pyruvate kinase 
family protein; FUNCTIONS IN: 
Pyruvate kinase activity, potassium 
ion binding, magnesium ion binding, 
catalytic activity. 
DTF_20 + 
DTS_20 
ss715593815 
Glyma.06G204600 
within 
20kbp 
Nil 
AT3G26850.1: Histone-lysine N-
methyltransferases; FUNCTIONS 
IN: Histone-lysine N-
methyltransferase activity. 
Glyma.06G204700 
within 
20kbp 
Nil 
AT1G19260.1: TTF-type zinc finger 
protein with HAT dimerisation 
domain. 
Glyma.06G204800 
within 
20kbp 
PF01344  
(Kelch motif) 
PF07646  
(Kelch motif) 
AT1G18610.1: Galactose 
oxidase/kelch repeat superfamily 
protein. 
Glyma.06G204500 
within 
20kbp 
PF03031 (NLI 
interacting factor-
like phosphatase) 
AT4G26190.1: Haloacid 
dehalogenase-like hydrolase (HAD) 
superfamily protein. 
DTF_20 + 
DTS_20 
ss715593866 
Glyma.06G210900 
within 
20kbp 
PF07983 
 (X8 domain) 
PF00332  
(Glycosyl hydrolases 
family 17) 
AT3G24330.1: O-Glycosyl 
hydrolases family 17 protein. 
Glyma.06G211000 
within 
20kbp 
Nil AT4G02210.1: Nil. 
Glyma.06G211100 
within 
20kbp 
PF05970 (PIF1-like 
helicase) 
AT3G51690.1: PIF1 helicase. 
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Table 2.44. (cont.) 
  
Glyma.06G210800 
within 
20kbp 
PF07792 (Docking 
domain of Afi1 for 
Arf3 in vesicle 
trafficking) 
AT1G73930.1: Nil. 
Glyma.06G211200 
within 
20kbp 
PF02458 
(Transferase family) 
AT1G03390.1: HXXXD-type acyl-
transferase family protein. 
DTS_30 + 
FTS_30 
ss715595133 
Glyma.06G064500 
within 
50kbp 
Nil 
AT2G25250.1: Unknown protein; 
FUNCTIONS IN: Molecular function 
unknown. 
Glyma.06G064700 
within 
50kbp 
PF00860  
(Permease family) 
AT2G34190.1: Xanthine/uracil 
permease family protein; 
FUNCTIONS IN: Transmembrane 
transporter activity. 
Glyma.06G064900 
within 
50kbp 
Nil 
AT2G34200.1:  RING/FYVE/PHD 
zinc finger superfamily  protein; 
FUNCTIONS IN: Zinc ion binding. 
Glyma.06G064800 
within 
50kbp 
PF00069  
(Protein kinase 
domain) 
AT4G18710.1: Encodes BIN2, a 
member of the ATSK (shaggy-like 
kinase) family. BIN2 functions in the 
cross-talk between auxin and 
brassinosteroid signaling pathways. 
Glyma.06G065000 
within 
50kbp 
PF03552  
(Cellulose synthase) 
AT4G18780.1: Encodes a member of 
the cellulose synthase family 
involved in secondary cell wall 
biosynthesis. 
Glyma.06G064600 
within 
50kbp 
PF07818  
(HCNGP-like 
protein) 
AT1G29220.1: Transcriptional 
regulator family protein; 
FUNCTIONS IN: Transcription 
regulator activity. 
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Table 2.44. (cont.) 
  Glyma.06G064400 
within 
50kbp 
PF00069  
(Protein kinase 
domain) 
AT2G25220.1: Protein kinase 
superfamily protein; FUNCTIONS 
IN: Protein serine/threonine kinase 
activity, protein kinase activity, 
kinase activity, ATP binding. 
  
Glyma.06G064000 
within 
50kbp 
PF00847  
(AP2 domain) 
AT5G25190.1: Encodes a member of 
the ERF (ethylene response factor) 
subfamily B-6 of ERF/AP2 
transcription factor family. The 
protein contains one AP2 domain. 
Glyma.06G064200 
within 
50kbp 
PF00832  
(Ribosomal L39 
protein) 
AT4G31985.1: Ribosomal protein 
L39 family protein; FUNCTIONS 
IN: Structural constituent of 
ribosome. 
Glyma.06G064100 
within 
50kbp 
PF00832  
(Ribosomal L39 
protein) 
AT4G31985.1: Ribosomal protein 
L39 family protein; FUNCTIONS 
IN: Structural constituent of 
ribosome. 
Glyma.06G063900 
within 
50kbp 
PF05910 (Plant 
protein of unknown 
function (DUF868) 
AT5G11000.1: Plant protein of 
unknown function (DUF868); 
FUNCTIONS IN: Molecular function 
unknown. 
Glyma.06G063800 
within 
50kbp 
PF05903 (PPPDE 
putative peptidase 
domain) 
AT5G25170.1: PPPDE putative thiol 
peptidase family protein; 
FUNCTIONS IN: Molecular function 
unknown. 
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Table 2.44. (cont.) 
  Glyma.06G063700 
within 
50kbp 
Nil 
AT1G80730.1: Encodes a zinc finger 
protein and is expressed at high 
levels in the shoot apex, including the 
apical meristem, developing leaves 
and the developing vascular system. 
expression induced three days post 
germination. T-DNA insertion 
mutant has a dominant phenotype in 
leaf initiation. 
  Glyma.06G063500 
within 
50kbp 
PF00072  
(Response regulator 
receiver domain) 
AT2G25180.1: Encodes an 
Arabidopsis response regulator 
(ARR) protein that acts in concert 
with other type-B ARRs in the 
cytokinin signaling pathway. Also 
involved in cytokinin-dependent 
inhibition of hypocotyl elongation 
and cytokinin-dependent greening 
and shooting in tissue culture. ARR1, 
ARR10, and ARR12 are redundant 
regulators of drought response, with 
ARR1 being the most critical. The 
retention of leaf water content, 
maintenance of cell membrane 
stability, and enhancement of 
anthocyanin biosynthesis were found 
to contribute to the enhanced drought 
tolerance of the arr1,10,12 triple 
mutant. 
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Table 2.44. (cont.) 
  Glyma.06G065200 
within 
50kbp 
PF00046 
(Homeobox domain) 
PF03790  
(KNOX1 domain) 
PF03789  
(ELK domain ) 
PF03791  
(KNOX2 domain) 
AT5G25220.1: A member of class II 
knotted1-like homeobox gene family 
(together with KNAT4 and KNAT5). 
Expressed in: hypocotyl-root 
boundary, anther-filament junction in 
flowers, ovule-funiculus and 
peduncle-silique boundaries, petioles 
and root. Light-regulated expression 
with differential response to red/far-
red light. KNAT3 promoter activity 
showed cell-type specific pattern 
along longitudinal root axis, 
restricted mainly to the 
differentiation zone of the root, 
namely in the cortex and pericycle. 
PHF_30 + 
TLF_30 
ss715609331 
Glyma.11G190000 
within 
10kbp 
PF00628  
(PHD-finger) 
PF02791  
(DDT domain) 
AT5G22760.1: PHD finger family 
protein; FUNCTIONS IN: DNA 
binding, zinc ion binding. 
Glyma.11G190100 
within 
10kbp 
PF01602 (Adaptin N 
terminal region) 
AT5G22780.1: Adaptor protein 
complex AP-2, alpha subunit; 
FUNCTIONS IN: Protein transporter 
activity, binding. 
Glyma.11G190200 
within 
10kbp 
PF01370 
 (NAD dependent 
epimerase/dehydrata
se family) 
AT1G08200.1: Encodes a putative 
UDP-D-apiose/UPD-D-xylose 
synthetase. 
Glyma.11G190300 
within 
100kbp 
PF01535  
(PPR repeat) 
AT5G66500.1: Tetratricopeptide 
repeat (TPR)-like superfamily 
protein. 
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Glyma.11G190400 
within 
100kbp 
PF02450 
(Lecithin:cholesterol 
acyltransferase) 
AT3G44830.1: Lecithin:cholesterol 
acyltransferase family protein; 
FUNCTIONS IN: 
Phosphatidylcholine-sterol O-
acyltransferase activity; INVOLVED 
IN: lipid metabolic process. 
Glyma.11G189800 
within 
100kbp 
PF03479 (Domain of 
unknown function 
(DUF296) 
AT4G17950.1: AT hook motif DNA-
binding family protein; FUNCTIONS 
IN: DNA binding; INVOLVED IN: 
regulation of transcription. 
PHF_30 + 
TLF_30 
ss715609333 
Glyma.11G190300 
within 
10kbp 
PF01535  
(PPR repeat) 
AT5G66500.1: Tetratricopeptide 
repeat (TPR)-like superfamily 
protein. 
Glyma.11G190400 
within 
10kbp 
PF02450 
(Lecithin:cholesterol 
acyltransferase) 
AT3G44830.1: Lecithin:cholesterol 
acyltransferase family protein; 
FUNCTIONS IN: 
Phosphatidylcholine-sterol O-
acyltransferase activity; INVOLVED 
IN: lipid metabolic process. 
Glyma.11G190600 
within 
50kpb 
PF00657  
(GDSL-like 
Lipase/Acylhydrolas
e) 
AT5G22810.1: GDSL-motif 
esterase/acyltransferase/lipase. 
Enzyme group with broad substrate 
specificity that may catalyze 
acyltransfer or hydrolase reactions 
with lipid and non-lipid substrates. 
Glyma.11G190200 
within 
50kpb 
PF01370  
(NAD dependent 
epimerase/dehydrata
se family) 
AT1G08200.1: Encodes a putative 
UDP-D-apiose/UPD-D-xylose 
synthetase. 
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Glyma.11G190100 
within 
50kpb 
PF01602  
(Adaptin N terminal 
region) 
AT5G22780.1: Adaptor protein 
complex AP-2, alpha subunit; 
FUNCTIONS IN: Protein transporter 
activity, binding. 
Glyma.11G190000 
within 
100kbp 
PF00628  
(PHD-finger) 
PF02791  
(DDT domain) 
AT5G22760.1: PHD finger family 
protein; FUNCTIONS IN: DNA 
binding, zinc ion binding. 
PHF_30 + 
TLF_30 
ss715609342 
Glyma.11G191000 
within 
5kbp 
PF00400  
(WD domain, G-beta 
repeat) 
PF00637 (Region in 
Clathrin and VPS) 
AT1G08190.1: Might be involved in 
protein sorting to the vacuole. The 
mRNA is cell-to-cell mobile. 
Glyma.11G191100 
within 
50kbp 
PF10475 (Protein of 
unknown function 
N-terminal domain 
(DUF2450) ) 
PF10474 (Protein of 
unknown function C-
terminus (DUF2451) 
AT2G27900.1: CONTAINS InterPro 
DOMAIN/s: Protein of unknown 
function DUF2451, C-terminal 
(InterPro:IPR019514), Vacuolar 
protein sorting-associated protein 54 
(InterPro:IPR019515). 
Glyma.11G190900 
within 
50kbp 
PF02170  
(PAZ domain) 
PF02171  
(Piwi domain) 
PF08699 (Domain of 
unknown function 
(DUF1785)) 
AT2G27880.1: ARGONAUTE 5 
(AGO5); FUNCTIONS IN: Nucleic 
acid binding. 
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Glyma.11G190800 
within 100 
kbp 
PF00026 
(Eukaryotic aspartyl 
protease) 
AT5G22850.1: Eukaryotic aspartyl 
protease family protein; 
FUNCTIONS IN: Aspartic-type 
endopeptidase activity; INVOLVED 
IN: proteolysis. 
Glyma.11G191200 
within 100 
kbp 
PF00450 (Serine 
carboxypeptidase) 
AT2G27920.1: Serine 
carboxypeptidase-like 51 (SCPL51); 
FUNCTIONS IN: Serine-type 
carboxypeptidase activity; 
INVOLVED IN: Proteolysis. 
DTF_30 + 
TLF_30 
ss715629356 
Glyma.18G024000 
within 5 
kbp 
PF03005 
(GDSL/SGNH-like 
Acyl-Esterase family 
found in Pmr5 and 
Cas1p (original 
Pfam: PF03005) 
AT2G40320.1: Encodes a member of 
the TBL (TRICHOME 
BIREFRINGENCE-LIKE) gene 
family containing a plant-specific 
DUF231 (domain of unknown 
function) domain. TBL gene family 
has 46 members, two of which 
(TBR/AT5G06700 and 
TBL3/AT5G01360) have been shown 
to be involved in the synthesis and 
deposition of secondary wall 
cellulose, presumably by influencing 
the esterification state of pectic 
polymers. 
Glyma.18G024100 
within 5 
kbp 
PF09451 
(Autophagy-related 
protein 27) 
AT2G40316.1: Molecular function 
unknown. 
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Glyma.18G024200 
within 
50kbp 
PF00270 
(DEAD/DEAH box 
helicase) 
PF00271 (Helicase 
conserved C-
terminal domain). 
AT5G05450.1: P-loop containing 
nucleoside triphosphate hydrolases 
superfamily protein; FUNCTIONS 
IN: Helicase activity, nucleic acid 
binding, ATP-dependent helicase 
activity, ATP binding. 
Glyma.18G023900 
within 
50kbp 
PF00176  
(SNF2 family N-
terminal domain) 
PF00271  
(Helicase conserved 
C-terminal domain) 
AT3G42670.1: Encodes a nuclear 
localized SNF domain containing 
protein involved in RNA silencing. 
Glyma.18G024300 
within 
100kbp 
PF03644  
(Glycosyl hydrolase 
family 85) 
AT5G05460.1: Encodes a cytosolic 
beta-endo-N-acetyglucosaminidase 
(ENGase). ENGases N-glycans 
cleave the O-glycosidic linkage 
between the two GlcNAc residues of 
the N-glycan core structure and thus 
generate a protein with a single 
GlcNAc attached to asparagine. 
Glyma.18G024400 
within 
100kbp 
PF03195  
(Protein of unknown 
function DUF260) 
AT2G30130.1: Overexpression/ 
activation tagged allele has epinastic 
leaves, reduced apical dominance and 
is sterile. Gene is similar to 
asymmetric leaves (AS)/lateral organ 
boundary (LOB) genes which repress 
KNOX gene expression. 
Glyma.18G023800 
within 
100kbp 
PF00999 
(Sodium/hydrogen 
exchanger family) 
AT2G13620.1:Mmember of putative 
Na+/H+ antiporter family. 
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Glyma.18G023700 
within 
100kbp 
PF00999 
(Sodium/hydrogen 
exchanger family) 
AT2G13620.1: Member of putative 
Na+/H+ antiporter family. 
Glyma.18G023600 
within 
100kbp 
PF07731 
(Multicopper 
oxidase) 
PF07732 
(Multicopper 
oxidase) 
PF00394 
(Multicopper 
oxidase) 
AT2G40370.1: Putative laccase, a 
member of laccase family of genes 
(17 members in Arabidopsis). 
SMDFTLDM + 
SMDFTM 
ss715632951 
Glyma.18G095100 
within 
5kbp 
PF00657  
(GDSL-like Lipase/ 
Acylhydrolase) 
AT5G55050.1: GDSL-motif 
esterase/acyltransferase/lipase. 
Enzyme group with broad substrate 
specificity that may catalyze 
acyltransfer or hydrolase reactions 
with lipid and non-lipid substrates. 
The mRNA is cell-to-cell mobile. 
Glyma.18G094900 
within 
50kbp 
Nil 
AT5G51920.1: Pyridoxal phosphate 
(PLP)-dependent transferases 
superfamily protein; FUNCTIONS 
IN: Pyridoxal phosphate binding, 
catalytic activity; INVOLVED IN: 
Metabolic process. 
Glyma.18G095200 
within 
100kbp 
PF00439 
(Bromodomain) 
AT5G55040.1: DNA-binding 
bromodomain-containing protein; 
FUNCTIONS IN: DNA binding. 
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Glyma.18G095300 
within 
100kbp 
PF02606 
(Tetraacyldisacchari
de-1-P 4'-kinase) 
AT3G20480.2: Tetraacyldisaccharide 
4'-kinase family protein; 
FUNCTIONS IN: 
Tetraacyldisaccharide 4'-kinase 
activity, ATP binding; INVOLVED 
IN: Lipid A biosynthetic process. 
Glyma.18G095400 
within 
100kbp 
PF00439 
(Bromodomain) 
AT5G55040.1: DNA-binding 
bromodomain-containing protein; 
FUNCTIONS IN: DNA binding. 
LDTM_20 + 
LDTM_30 
ss715635690 
Glyma.19G222900 
within 
5kbp 
PF03330  
(Rare lipoprotein A 
(RlpA)-like double-
psi beta-barrel) 
PF01357  
(Pollen allergen) 
AT4G01630.1: Member of Alpha-
Expansin Gene Family. 
Glyma.19G222800 
within 
20kbp 
PF00190 (Cupin) 
AT1G02335.1: Encodes a 
plasodesmata-located protein 
involved in regulating primary root 
growth by controlling phloem-
mediated allocation of resources 
between the primary and lateral root 
meristems. 
Glyma.19G223000 
within 
20kbp 
PF00150 (Cellulase 
(glycosyl hydrolase 
family 5) 
AT5G66460.1: Encodes a endo-beta-
mannanase involved in seed 
germination. 
Glyma.19G222700 
within 
50kbp 
PF00481 (Protein 
phosphatase 2C) 
AT2G46920.1: Acts downstream of 
the CLV signaling pathway in 
meristem development and is 
required together with PLL1 for 
stem-cell maintenance through the 
regulation of WUS. 
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Glyma.19G223100 
within 100 
kbp 
PF00483 
(Nucleotidyl 
transferase) 
AT1G27680.1: ADP-glucose 
pyrophosphorylase catalyzes the first, 
rate limiting step in starch 
biosynthesis. 
Glyma.19G223300 
within 100 
kbp 
PF08127  
(Peptidase family C1 
propeptide) 
PF00112  
(Papain family 
cysteine protease) 
AT1G02305.1:  Encodes a capase 
involved in stress induced cell death. 
Glyma.19G222600 
within 100 
kbp 
PF00160 
(Cyclophilin type 
peptidyl-prolyl cis-
trans 
isomerase/CLD) 
AT3G62030.3: Nuclear-encoded 
chloroplast stromal cyclophilin 
CYP20-3 (also known as ROC4). 
Protein is tyrosine-phosphorylated 
and its phosphorylation state is 
modulated in response to ABA in 
Arabidopsis thaliana seeds. 
Glyma.19G222500 
within 100 
kbp 
PF00702 (haloacid 
dehalogenase-like 
hydrolase) 
AT3G62040.1: Haloacid 
dehalogenase-like hydrolase (HAD) 
superfamily protein; FUNCTIONS 
IN: Hydrolase activity. 
bGM/PG, gene model or published genes; cDFSNP, distance from SNP; dPFAM, protein family; eAF, annotated function. 
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Table 2.45. Background information of 440 soybean genotypes for a genome-wide association study of temperature response. 
Information obtained from United Soybean Board large-scale sequencing project.  
No. PI no. MGa SeqCovb SubColc Province Country Cultivar 
1 PI445824A 000 15X Max unknown Germany Wolfsthaler 
2 PI468908 000 40X Max Jilin China N/A 
3 PI360957 00 40X Max Hokkaido Japan Karafuto No. 1 
4 PI372403B 00 15X Max unknown Austria Caloria 
5 PI437270B 00 0X Max unknown Moldova Errj 424 
6 PI548325 00 40X Old unknown Russia Flambeau 
7 PI548582 00 15X Modern Minnesota United States McCall 
8 PI567171 00 40X Max Heilongjiang China Hei he No. 1 
9 PI567173 00 15X Max Heilongjiang China Hei he 51 
10 PI567174A 00 0X Max Heilongjiang China Hei he 54 
11 PI567226 00 15X Max unknown Russia Har'kovskaja 
Zernoukosnaja 
12 PI592523 00 40X Modern Minnesota United States Glacier 
13 PI153281 0 15X Max unknown Belgium N-22 
14 PI154189 0 15X Max Gelderland Netherlands No. 57 
15 PI180501 0 40X Max unknown Germany Strain No. 18 
16 PI189873 0 15X Max unknown France Miko Saumon 
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Table 2.45. (cont.) 
17 PI248404 0 0X Max Serbia Yugoslavia Novosadska Bela 
18 PI297520 0 15X Max unknown Hungary Iregi Universal 
19 PI342619A 0 15X Max Primorye Russia N/A 
20 PI361070 0 15X Max Unknown Romania Faur 
21 PI378656B 0 0X Max Unknown Bulgaria Besarabka 4731 
22 PI378658 0 15X Max Unknown Ukraine Dnepropetrovsk 12 
23 PI407708A 0 15X Max Heilongjiang China Feng shou No. 10 
24 PI417381 0 15X Max Hokkaido Japan Tenpoku shirome 
25 PI417529 0 15X Max Unknown Germany A38 
26 PI424195A 0 15X Max Unknown Hungary ISZ-3 
27 PI437240 0 15X Max Unknown Moldova CSchi 1069 
28 PI437265D 0 40X Max Unknown Moldova Dobruzanca D 
29 PI437991B 0 15X Max Unknown China VIR 1657 
30 PI438336 0 15X Max Unknown Algeria Sao 208 
31 PI514671 0 15X Max Heilongjiang China Feng shou No. 7 
32 PI548642 0 0X Modern Ontario Canada Maple Donovan 
33 PI561389B 0 15X Max Unknown Japan Okura Natto 
34 PI562373 0 0X Modern Minnesota United States Lambert 
35 PI567225 0 15X Max Unknown Moldova Kisinevskaja 90 
36 PI603698J 0 15X Max Jiangsu China Dan yang shui bai dou 
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37 PI607835 0 0X Modern Minnesota United States UM3 
38 PI291294 I 15X Max Heilongjiang China N/A 
39 PI297505 I 15X Max Unknown China Czi ti No. 5 
40 PI358315A I 0X Max Hokkaido Japan Tokachi shiro 
41 PI361066B I 15X Max Unknown Yugoslavia F. 56-17 
42 PI361087 I 40X Max Unknown Romania Medias 23 
43 PI361093 I 40X Max Serbia Yugoslavia Novosadska Br. 1 
44 PI372418 I 15X Max Serbia Yugoslavia Novosadska Br. 4 
45 PI378663 I 15X Max Unknown Russia Habarovskaja II 
46 PI378680E I 15X Max Krasnodar Russia VNIIMK 9186 
47 PI407701 I 15X Max Heilongjiang China Hei long No. 3 
48 PI416751 I 15X Max Tohoku Japan A-BD 
49 PI437160 I 15X Max Krasnodar Russia Krasnodarscaja 13 
50 PI437165A I 15X Max Krasnodar Russia Toncostebel'naja 27 
51 PI437376A I 15X Max Primorye Russia Ussurijscaja 308 
52 PI437500A I 15X N/A Primorye Russia VIR 3810 
53 PI437695A I 15X Max Unknown China S-185 
54 PI438147 I 0X Max Unknown China VIR 2886 
55 PI438230A I 15X Max Unknown China VIR 4521 
56 PI438239B I 15X Max Unknown China VIR 4536 
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Table 2.45. (cont.) 
57 PI438309 I 15X Max Unknown South Korea VIR 3017 
58 PI438323 I 15X Max Unknown France Grignon 53-F-3 
59 PI464896 I 15X Max Jilin China Jou Nong No. 5 
60 PI464923 I 15X Max Liaoning China Tie Fen 16 
61 PI507709 I 0X Max Krasnodar Russia VNIIMK 15 
62 PI548336 I 15X Old Khabarovsk Russia Habaro 
63 PI548524 I 15X Modern Iowa United States Weber 
64 PI548561 I 40X Modern Minnesota United States Hodgson 
65 PI548571 I 15X Modern Ontario Canada Harlon 
66 PI548572 I 15X 
 
Ontario Canada Harly 
67 PI561318A I 15X Max Unknown China Hui nan bai hua xiao hei 
dou 
68 PI567782 I 15X N/A Ontario Canada OAC Dorado 
69 PI578375B I 15X Max Jilin China Aan tu dang di hei dou 
70 PI578503 I 15X Max Jilin China Tie jia si li huang 
71 PI592960 I 15X N/A Heilongjiang China Dong nong 38 
72 PI593953 I 15X Max Heilongjiang China Sui nong No. 10 
73 PI594170B I 15X Max Akita Japan Geden shirazu 
74 PI603290 I 15X Max Beijing China Zao shu 18 
75 PI605765B I 15X Max Tuyen Quang Vietnam Ninh minh 
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76 PI612754 I 15X Max Unknown China ZY 645 
77 PI634887 I 0X Color Illinois United States L88-5397 
78 PI639543 I 15X Max Primorye Russian Federation N/A 
79 PI054608_1 II 15X Max Liaoning China No. 48 
80 PI084637 II 15X Max Kyonggi South Korea S-62 
81 PI088313 II 15X Max Northeast China China 5702 
82 PI088468 II 15X Max Northeast China China Iganzu 
83 PI089005-5 II 15X N/A Northeast China China 5950 
84 PI266806C II 40X N/A Hebei China No. 4 
85 PI291309D II 15X Max Heilongjiang China N/A 
86 PI291310C II 15X Max Heilongjiang China N/A 
87 PI361080 II 15X Max Unknown Russia Kormovaia 15 
88 PI391577 II 15X Max Jilin China Ch'a ye sheng tou 
89 PI391583 II 15X Max Jilin China Jilin No. 10 
90 PI404187 II 15X Max Unknown China Suj nii hun mao ju 
91 PI417242 II 15X Max Unknown China Pekin dai seitou 
92 PI437112A II 15X Max Far East Russia VIR 249 
93 PI437485 II 15X Max Primorye Russia VIR 1048 
94 PI437505 II 15X Max Primorye Russia VIR 3853 
95 PI437662 II 15X Max Jilin China Gun'-tszu-lin' 658 
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Table 2.45. (cont.) 
96 PI437788A II 15X Max Unknown China VIR 3018 
97 PI437793 II 15X Max Unknown China VIR 3024 
98 PI437814A II 15X Max Jilin China An'da 
99 PI437838 II 15X N/A Khabarovsk Russia DV-254 
100 PI437956B II 15X Max Unknown China VIR 1390 
101 PI438019B II 15X Max Unknown China VIR 1883 
102 PI438083 II 15X Max Unknown China VIR 2506 
103 PI458505 II 15X Max Liaoning China Da Bai mei 
104 PI458506 II 0X Max Liaoning China Feng Di huang 
105 PI467347 II 15X Max Jilin China Zi-hua-cuo-zi 
106 PI475820 II 15X Max Xinjiang China N/A 
107 PI476352B II 15X Max Unknown Kyrgyzstan Colnon 
108 PI506942 II 15X Max Tohoku Japan Koushurei 235 
109 PI539860 II 0X Modern Iowa United States SS201 
110 PI540552 II 15X Modern Ohio United States Hoyt 
111 PI542768 II 0X Modern Minnesota United States Sturdy 
112 PI547567 II 0X Iclark Illinois United States L73-753 
113 PI547831 II 0X Iother Illinois United States L83-0215 
114 PI548356 II 15X Old Pyongyang North Korea Kanro 
115 PI548360 II 40X Old Unknown North Korea Korean 
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Table 2.45. (cont.) 
116 PI548411 II 15X Old Northeast China China Seneca 
117 PI548520 II 40X Modern Iowa United States Preston 
118 PI548521 II 15X Modern Iowa United States BSR 201 
119 PI548569 II 0X Modern Illinois United States Hack 
120 PI567262A II 15X Max Fujian China Similar to: Gu tian type 
121 PI567418A II 15X Max Shanxi China Bai hei dou 
122 PI567525 II 15X Max Shandong China Cao qing huang dou 
123 PI578412 II 15X Max Jilin China Gong jiao 6308-1 
124 PI578493 II 15X Max Jilin China Huang bao zhu 
125 PI578499A II 15X Max Unknown China Lu yue bai 
126 PI578504 II 15X Max Hunan China Xiang dou No. 3 
127 PI592954 II 40X Max Jiangsu China Nin zhen No. 1 
128 PI597381 II 0X Modern Illinois United States Savoy 
129 PI597464 II 15X Max Zhejiang China Zhe chun No. 3 
130 PI603345 II 15X N/A Jilin China Gong jiao 5603-2 
131 PI603389 II 15X Max Liaoning China Huang ke 
132 PI603399 II 15X Max Liaoning China Xiao bai qi 
133 PI603426G II 40X Max Nei Monggol China Ben di yuan huang dou 
134 PI603463 II 15X Max Shandong China Dong jie No. 1 
135 PI612730 II 15X Max Beijing China Zhong huong No. 10 
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136 PI639528B II 15X Max Primorye Russian Federation N/A 
137 PI639550E II 15X Max N/A Moldova KSHI 713 
138 PI639559B II 15X N/A N/A Ukraine VYTKA 2 
139 FC029333 III 15X Max Unknown Unknown Laredo 
140 PI054591 III 15X Max Liaoning China No. 31 
141 PI054610-1 III 0X Max Jilin China No. 50 
142 PI054615_1 III 15X Max Jilin China No. 55 
143 PI068521_1 III 15X Max Heilongjiang China 205 
144 PI068604-1 III 15X Max Northeast China China 285 
145 PI068732-1 III 15X Max Northeast China China 204 
146 PI070080 III 15X Max Northeast China China 6908 
147 PI081041 III 15X Max Hokkaido Japan Kuro Daizu 
148 PI081785 III 40X Max Hokkaido Japan Chusei Hadaka 
149 PI084631 III 15X N/A Kyonggi South Korea S-56 
150 PI084656 III 15X Max Kyonggi South Korea S-81 
151 PI084973 III 15X Max Saitama Japan Takiya 
152 PI087620 III 15X Max Hamgyong Puk North Korea Kuromeshoryu 
153 PI088788 III 15X N/A Liaoning China N/A 
154 PI088998-2 III 0X Max Northeast China China 5943 
155 PI090486 III 15X Max Beijing China 7533 
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156 PI091100-3 III 15X Max Jilin China 6554 
157 PI091160 III 15X Max Liaoning China 6615 
158 PI096927 III 0X Max Hwanghae Puk North Korea 1076 
159 PI103088 III 15X Max Henan China Ming Chuan 
160 PI153231 III 15X Max Unknown Unknown B-63 
161 PI209334 III 15X Max Hokkaido Japan No. 9 
162 PI232992 III 15X Max Fukui Japan Kono-Kuradaizu 
163 PI253661B III 15X N/A Unknown China No. 12 
164 PI424078 III 15X Max Kangwon South Korea 74077 
165 PI436684 III 15X Max Liaoning China Tie-feng 8 
166 PI437110A III 15X Max Far East Russia VIR 244 
167 PI437654 III 15X N/A Unknown China N/A 
168 PI437685D III 15X Max Unknown China Phun-zhun 
169 PI437776 III 15X Max Unknown China VIR 1302 
170 PI438112B III 15X Max Unknown China VIR 2623 
171 PI438335 III 40X Max Unknown Algeria SAO 196-C 
172 PI438435B III 0X Max Unknown Morocco CNS 657 
173 PI438496B III 15X Max Unknown United States Peking 
174 PI438500 III 15X Max Unknown United States Virginia 
175 PI458510 III 15X Max Liaoning China Ji Ti No. 1 
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Table 2.45. (cont.) 
176 PI468408A III 0X Max Shandong China Qi Huang No. 1 
177 PI468408B III 15X Max Shandong China Qi Huang No. 1 
178 PI479735 III 15X Max Jilin China Silihuang 
179 PI490766 III 15X Max Hebei China Dawudou 
180 PI507293B III 15X Max Hokuriku Japan Shoukin ou 
181 PI507471 III 15X Max Kanto Japan Tousan kei na 16 
182 PI507473 III 0X Max Kanto Japan Tousan kei na 18 
183 PI518671 III 0X Max Illinois United States Williams 82 
184 PI518674 III 0X Modern Illinois United States Fayette 
185 PI532463B III 15X N/A Hebei China He bei No. 1 
186 PI536635 III 0X Modern Ohio United States Sprite 
187 PI538386A III 15X Max Hebei China 1886 
188 PI548171 III 40X Max  Illinois United States T134 
189 PI548178 III 15X Max  Illinois United States T145 
190 PI548198 III 15X Max  Illinois United States T209 
191 PI548313 III 40X N/A Khabarovsk Russia Chestnut 
192 PI548316 III 15X N/A Zhejiang China Cloud 
193 PI548383 III 15X Old Heilongjiang China Mansoy 
194 PI549021A III 15X Max Liaoning China Na hei dou 
195 PI549041A III 40X Max Liaoning China ZYD 2709 
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Table 2.45. (cont.) 
196 PI556511 III 15X Private N/A United States A3127 
197 PI567361 III 15X Max Ningxia China Lu fang huang dou 
198 PI567435B III 15X Max Shanxi China Hei hei dou 
199 PI567558 III 40X Max Shandong China Liu shi ri jin huang da dou 
200 PI567576 III 15X Max Shandong China PI  ng ding huang 
201 PI592952 III 15X Max Henan China Zheng 77249 
202 PI593258 III 15X Modern Illinois United States Macon 
203 PI594456A III 15X Max Sichuan China Xiao jin huang 
204 PI597478B III 15X Max Unknown South Korea Paldalkong 
205 PI603442 III 40X Max Nei Monggol China Ke qi xiao hei dou 
206 PI603488 III 15X Max Shandong China Zao hei dou 
207 PI603497 III 15X Max Shandong China Hua dou 
208 PI603549 III 15X Max Shanxi China Mei dou 
209 PI603556 III 15X Max Shanxi China Xiao huang dou 
210 PI603675 III 15X Max Jiangsu China Huai yin gua dou jia 
211 PI606374 III 15X Max (North) Vietnam Cao bang 8 
212 PI642768 III 0X Modern Ohio United States Ohio FG5 
213 FC031697 IV 15X Max Unknown Costa Rica N/A 
214 FC033243 IV 40X Max Unknown Unknown Anderson 
215 PI054614 IV 15X Max Jilin China No. 54 
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216 PI058955 IV 15X Max Shandong China Common Yellow Variety 
217 PI070466-3 IV 15X Max Jilin China 7336 
218 PI080837 IV 15X Max Unknown Japan Mejiro 
219 PI083881 IV 15X Max Kangwon North Korea Orukon 
220 PI084946_2 IV 15X Max Pusan South Korea Kandokon 
221 PI086972_2 IV 15X Max Cholla Puk South Korea Pakute 
222 PI088793 IV 0X Max Northeast China China 5918 
223 PI089772 IV 15X N/A Unknown China N/A 
224 PI090479P IV 15X Max Unknown China 7413 
225 PI090763 IV 15X N/A Beijing China N/A 
226 PI091159_4 IV 15X Max Liaoning China 6614 
227 PI092651 IV 15X Max Jilin China 7846 
228 PI094159-3 IV 15X N/A Kagoshima Japan Kiizaya 
229 PI171428 IV 15X Max Beijing China Large Yellow Soybean 
230 PI209332 IV 15X Max Hokkaido Japan N/A 
231 PI398965 IV 15X Max Cholla Nam South Korea KLS 628-1 
232 PI417345B IV 15X Max Unknown China Shou outou 
233 PI417479 IV 15X Max Tohoku Japan Yougetsu 
234 PI423926 IV 15X Max Nagano Japan Tousan 72 
235 PI430595 IV 15X Max Unknown China 58-161 
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Table 2.45. (cont.) 
236 PI437127A IV 15X Max Unknown Georgia Imeretinscaja 
237 PI438496C IV 15X Max Unknown United States Peking 
238 PI464912 IV 15X Max Liaoning China Dan Dou 1 
239 PI495020 IV 15X Max Beijing China Xu dou 2 
240 PI506862 IV 40X Max Tohoku Japan Karikei 86 
241 PI506933 IV 15X Max Kyushu Japan Kouiku 1 
242 PI507180 IV 40X Max Kanto Japan Rikuu 21 
243 PI507458 IV 15X Max Kanto Japan Tousan kei BL 521 
244 PI507467 IV 15X Max Kanto Japan Tousan kei F 764 
245 PI507480 IV 15X Max Kanto Japan Tousan kei YL 24 
246 PI515961 IV 0X Modern Kentucky United States Pennyrile 
247 PI518668 IV 40X Modern Tennessee United States TN 4-86 
248 PI536636 IV 0X Modern Ohio United States Ripley 
249 PI548162 IV 15X Max Illinois United States T48 
250 PI548169 IV 15X Max Illinois United States T117 
251 PI548193 IV 40X Max Iowa United States T201 
252 PI548195 IV 0X Max Illinois United States T204 
253 PI548200 IV 15X Max Indiana United States T211H 
254 PI548359 IV 15X Old Beijing China Kingwa 
255 PI548364 IV 40X Old Unknown Japan Macoupin 
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256 PI548400 IV 15X Old Heilongjiang China Patoka 
257 PI548402 IV 40X Old Beijing China Peking 
258 PI548427 IV 15X Old Liaoning China Wilson 
259 PI548619 IV 40X N/A Kansas United States Sparks 
260 PI548633 IV 15X Modern Maryland United States Wye 
261 PI549017 IV 15X Max Ningxia China ZYD 3938 
262 PI549030B IV 0X Max Beijing China N/A 
263 PI549040 IV 15X Max Liaoning China ZYD 2704 
264 PI559932 IV 40X Modern Maryland United States Manokin 
265 PI561371 IV 15X Max Shanxi China Fen dou 15 
266 PI567307 IV 15X Max Gansu China Hei huang dou 
267 PI567352A IV 15X Max Gansu China Yang yan qing dou 
268 PI567353 IV 15X Max Gansu China Yang yan ren dou 
269 PI567415A IV 15X Max Shanxi China Bai da huang dou 
270 PI567416 IV 15X Max Shanxi China Bai dou 
271 PI567426 IV 40X Max Shanxi China Bai huang dou 
272 PI567428 IV 15X Max Shanxi China Bai ji yao 
273 PI567488A IV 15X Max Hebei China Di liu huang dou No. 2 
274 PI567489A IV 15X Max Hebei China Er da li huang dou 
275 PI567532 IV 15X Max Shandong China Dai ye xiao huang dou 
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276 PI567548 IV 15X Max Shandong China Hua li hu zi 
277 PI567604A IV 40X Max Shandong China Xin huang dou 
278 PI567675 IV 15X Max Henan China Yu cheng xiao tie jiao 
huang 
279 PI567685 IV 15X Max Henan China Zhong mou tie jiao er cao 
280 PI567698A IV 15X Max Anhui China Fu yang 17 
281 PI567726 IV 15X Max Anhui China Fu yang 50 
282 PI567746 IV 15X Max Jiangsu China Pei xian da bai jiao 
283 PI567780B IV 15X Max Jiangsu China Tong shan zheng ji dou 
284 PI574477 IV 15X Max Shanxi China Fen dou 31 
285 PI578495 IV 40X Max Shanxi China Jin dou No. 4 
286 PI587588A IV 15X Max Jiangsu China Tai xing niu mao huang yi 
287 PI587804 IV 15X Max Hubei China Jing 789 
288 PI592937 IV 15X Max Sichuan China Jin dou 14 
289 PI592940 IV 15X Max Sichuan China Jin dou 17 
290 PI593256 IV 0X Modern Illinois United States Cisne 
291 PI597481 IV 0X Max Unknown South Korea Jangsukong 
292 PI602501 IV 0X Max Jiangsu China Tong shan tian er dan 
293 PI602502B IV 15X Max Unknown China Xiong yue xiao huang dou 
294 PI602993 IV 15X Max Jiangsu China PI  xian ruan tiao zhi 
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295 PI603162 IV 15X Max Unknown North Korea GL 2631 /96 
296 PI603397 IV 15X Max Liaoning China Hei qi huang da dou 
297 PI603458A IV 40X N/A Unknown China N/A 
298 PI603492 IV 15X Max Shandong China Qi hei dou 
299 PI603494 IV 15X Max Shandong China Hai dou zi 
300 PI603526 IV 15X Max Shaanxi China Hei you dou 
301 PI603555 IV 15X Max Shanxi China Hua da hei dou 
302 PI603559 IV 15X Max Shanxi China Xiao huang dou 
303 PI261272C IX 15X Max Nan Thailand Tua Nao 
304 PI322692 IX 40X N/A N/A Australia N/A 
305 PI497964A IX 40X Max Sikkim India N/A 
306 PI567074B IX 15X Max East Java Indonesia N/A 
307 PI567238 IX 15X Max Yunnan China N/A 
308 PI062203 V 15X Max Hebei China 937 
309 PI071465 V 15X Max Jiangsu China No. 33 
310 PI083942 V 15X Max Kyonggi South Korea Kuro churyu 
311 PI342434 V 15X Max Iwate Japan N/A 
312 PI379618 V 15X Max Unknown Taiwan TC 1 
313 PI398633 V 15X Max Chungchong Puk South Korea KAS 390-17-2 
314 PI407742 V 15X Max Shaanxi China 16 
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315 PI416838 V 15X Max Tohoku Japan Choutan 
316 PI417581 V 15X Max Kinki United States H-060072 
317 PI424038B V 15X Max Kyonggi South Korea 74053 
318 PI437586C V 0X Max Unknown China Crest'janscij A 
319 PI504288 V 15X Max Iwate Japan S 
320 PI548452 V 40X N/A Pyongyang North Korea Dixie 
321 PI548696 V 15X Private Arkansas United States Dortchsoy 67 
322 PI549018 V 40X Max Ningxia China ZYD 3939 
323 PI549026 V 40X N/A Liaoning China Gao li huang 
324 PI549028 V 15X Max Liaoning China Feng da li 
325 PI553043 V 0X Modern Virginia United States Bay 
326 PI559370 V 0X Modern Arkansas United States Mack 
327 PI561387 V 15X Max Unknown Japan Kosuzu 
328 PI567343 V 15X Max Gansu China Ma huang dou 
329 PI567346 V 15X Max Gansu China Niu mao huang dou 
330 PI567383 V 15X Max Shaanxi China Da ke huang dou 
331 PI567407 V 40X Max Shaanxi China Xiao dou 
332 PI567408 V 15X Max Shaanxi China Xiao jin huang 
333 PI567439 V 15X Max Shanxi China Hong jia huang dou 
334 PI587588B V 15X Max Jiangsu China Tai xing niu mao huang yi 
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335 PI587712B V 15X Max Hubei China E dou No. 1 
336 PI594880 V 15X Max Yunnan China Song zi dou 
337 PI594922 V 15X Modern North Carolina United States Graham 
338 PI597476 V 40X Max Unknown South Korea Deogyukong 
339 PI598358 V 15X Modern Tennessee United States TN 5-95 
340 PI601983 V 0X Modern Maryland United States Donegal 
341 PI603495B V 15X Max Shandong China Hong mi lan dou zi 
342 PI632418 V 15X Modern Maryland United States Tara 
343 PI085010 VI 0X Max Saitama Japan Yagi 
344 PI086490 VI 0X Max Akita Japan Shirohadaka 
345 PI086904 VI 15X Max Chungchong Puk South Korea Fukota 
346 PI089775 VI 15X Max Hebei China 7221 
347 PI095860 VI 15X Max Chungchong 
Nam 
South Korea 155 
348 PI123440 VI 15X Max Unknown Myanmar No. 2 
349 PI209333 VI 15X Max Hokkaido Japan No. 3 
350 PI374220 VI 0X Max Transvaal South Africa Geduld 
351 PI507088 VI 15X Max Kanto Japan Nattou Kotsubu 
352 PI518727 VI 15X Max Guangdong China Ju huang 
353 PI548463 VI 0X Old Shaanxi China Laredo 
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354 PI548656 VI 40X N/A Mississippi United States Lee Plant #4 
355 PI548658 VI 15X N/A Arkansas United States Lee 74 
356 PI548978 VI 15X Modern Texas United States Gail 
357 PI548985 VI 0X Modern South Carolina United States Kershaw 
358 PI561701 VI 15X Gp Release Georgia United States G88-20092 
359 PI578309 VI 40X Max Jumla Nepal I-64 
360 PI587612B VI 0X Max Jiangsu China Ru dong ba yue bai jia 
361 PI628812 VI 15X Max N/A Brazil MG/BR-46 Conquista 
362 PI632650 VI 15X Max N/A Vietnam DT 22 
363 PI165563 VII 15X Max Uttar Pradesh India Bhart 
364 PI165675 VII 15X Max Jiangsu China Nanking 332 
365 PI166105 VII 40X Max Uttar Pradesh India Bhart 
366 PI171451 VII 15X Max Kanagawa Japan Kosamame 
367 PI179935 VII 15X Max Punjab India Bhart 
368 PI210352 VII 0X Max Unknown Mozambique Mammoth Yellow 
369 PI438282B VII 0X Max Unknown Japan Nasu N5 
370 PI438347 VII 15X N/A Unknown Australia 35S.277 
371 PI497967 VII 15X Max Kashmir India PLSO 96 
372 PI507017 VII 15X Max Kanto Japan Madara ooha tsuru mame 
373 PI542972 VII 15X Private N/A United States H7190 
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374 PI548256 VII 15X Max Mississippi United States T279 
375 PI548473 VII 15X Old Jiangsu China Monetta 
376 PI548490 VII 40X Old Unknown Taiwan Tanner 
377 PI567410B VII 15X Max Shaanxi China Yang huang dou 
378 PI597471A VII 15X Max Zhejiang China Zheye 29 
379 PI628913 VII 15X N/A N/A Brazil BR-30 
380 PI628963 VII 15X Max N/A Brazil La Suprema 
381 PI159925 VIII 15X Max Lima Peru Glycine H 
382 PI378693A VIII 0X Max Miyagi Japan N/A 
383 PI416825B VIII 0X Max Kinki Japan Cha sengoku 81 
384 PI417215 VIII 15X Max Kyushu Japan Ooita Aki Daizu 2 
385 PI417500 VIII 15X Max Unknown Brazil Escura A 
386 PI548447 VIII 40X Old Zhejiang China Cherokee 
387 PI548474 VIII 15X Old Hwanghae Puk North Korea Nanda 
388 PI548479 VIII 15X Old Unknown Taiwan Otootan 
389 PI567231 VIII 15X Max Sichuan China WJK-PRC-46 
390 PI567788 VIII 40X N/A Louisiana United States Bienville 
391 PI587811A VIII 15X Max Hubei China Tie jiao zi 
392 PI594307 VIII 40X Max Chiba Japan Tsurusengoku 
393 PI603722 VIII 15X Max Sichuan China Nan chong ba yue huang 
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394 PI639570 VIII 15X Max N/A Philippi Nes N/A 
395 PI240664 X 40X Max Unknown Philippines Bilomi No. 3 
396 PI274453 X 15X Max Okinawa Japan N/A 
397 PI374207 X 15X Max Madhya Pradesh India N/A 
398 PI497953 X 15X Max Bihar India I.C. 192 
399 PI613055 X 0X Max N/A Costa Rica CIGRAS-06 
400 4J105-3-4 N/A 0X NAM N/A N/A NAM 3 Parent 
401 5M20-2-5-2 N/A 0X NAM N/A N/A NAM 4 Parent 
402 CL0J095-4-6 N/A 0X NAM N/A N/A NAM 5 Parent 
403 CL0J173-6-8 N/A 0X NAM N/A N/A NAM 6 Parent 
404 HS6-3976 N/A 0X NAM N/A N/A NAM 8 Parent 
405 IA3023 N/A 0X NAM N/A N/A Recurrent parent 
406 LD00-3309 N/A 0X NAM N/A N/A NAM 10 Parent 
407 LD01-5907 N/A 0X NAM N/A N/A NAM 11 Parent 
408 LD02-4485 N/A 0X NAM N/A N/A NAM 12 Parent 
409 LD02-9050 N/A 0X NAM N/A N/A NAM 13 Parent 
410 LG00-3372 N/A 0X NAM N/A N/A NAM 38 Parent 
411 LG03-2979 N/A 0X NAM N/A N/A NAM 24 Parent 
412 LG03-3191 N/A 0X NAM N/A N/A NAM 25 Parent 
413 LG04-4717 N/A 0X NAM N/A N/A NAM 26 Parent 
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414 LG04-6000 N/A 0X NAM N/A N/A NAM 39 Parent 
415 LG05-4292 N/A 0X NAM N/A N/A NAM 27 Parent 
416 LG05-4317 N/A 0X NAM N/A N/A NAM 28 Parent 
417 LG05-4464 N/A 0X NAM N/A N/A NAM 29 Parent 
418 LG05-4832 N/A 0X NAM N/A N/A NAM 30 Parent 
419 LG90-2550 N/A 0X NAM N/A N/A NAM 31 Parent 
420 LG92-1255 N/A 0X NAM N/A N/A NAM 32 Parent 
421 LG94-1128 N/A 0X NAM N/A N/A NAM 33 Parent 
422 LG94-1906 N/A 0X NAM N/A N/A NAM 34 Parent 
423 LG97-7012 N/A 0X NAM N/A N/A NAM 36 Parent 
424 LG98-1605 N/A 0X NAM N/A N/A NAM 37 Parent 
425 MaGellan N/A 0X NAM N/A N/A NAM 14 Parent 
426 Maverick N/A 0X NAM N/A N/A NAM 15 Parent 
427 NE3001 N/A 0X NAM N/A N/A NAM 18 Parent 
428 PI398881 N/A 0X NAM N/A N/A NAM 40 Parent 
429 PI404188A N/A 0X NAM N/A N/A NAM 54 Parent 
430 PI427136 N/A 0X NAM N/A N/A NAM 41 Parent 
431 PI437169B N/A 0X NAM N/A N/A NAM 42 Parent 
432 PI507681B N/A 0X NAM N/A N/A NAM 46 Parent 
433 PI518751 N/A 0X NAM N/A N/A NAM 48 Parent 
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434 PI561370 N/A 0X NAM N/A N/A NAM 50 Parent 
435 PI574486 N/A 0X NAM N/A N/A NAM 64 Parent 
436 Prohio N/A 0X NAM N/A N/A NAM 9 Parent 
437 S06-13640 N/A 0X NAM N/A N/A NAM 17 Parent 
438 Skylla N/A 0X NAM N/A N/A NAM 22 Parent 
439 TN05-3027 N/A 0X NAM N/A N/A NAM 2 Parent 
440 U03-100612 N/A 0X NAM N/A N/A NAM 23 Parent 
aMG, maturity group; bSeqCov, sequence coverage; cSubCol, sub collection 
